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ABSTRACT 
ROLES OF PHENOLICS, ETHYLENE AND FRUIT CUTICLE IN SCALD 
DEVELOPMENT OF APPLES (MALUS DOMESTICA BORKH) 
SEPTEMBER 1997 
ZHIGUO JU, B.A., LAI YANG AGRICULTURAL COLLEGE 
M.A., PEKING (BEIJING) UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor William J. Bramlage 
Fruit ethylene was manipulated by harvest maturity, 
2-dichloroethylphosphonic acid (ethephon), aminoethoxyvinylglycine (AVG), and 
storage conditions. Advanced maturity or ethephon reduced scald on 'Delicious'. 
AVG-treated fruit scalded like controls in a commercial room (high ethylene), but 
developed no scald in a low-ethylene room. 
Free phenolics were present in wax scraped from apples, and in enzyme-isolated 
fruit cuticle. Free phenolics were 8 to 45 /xg’g1 cuticle. Advanced maturity and 
ethephon increased, and AVG decreased, cuticular phenolics. They increased during 
early storage, then remained unchanged. Bound phenolics were 50 to 110 j*g-g'1 
cuticle, and were unaffected by fruit maturity, AVG or ethephon, remaining constant 
during storage. 
In a linoleic acid system, antioxidant activity of standard flavonoids was higher 
than that of phenolic acid standards. Antioxidant activity of free cuticular phenolics 
was equivalent to that of flavonoid standards, and activity of bound phenolics 
approximated phenolic acid standards. Both were lower than diphenylamine and 
viii 
higher than a-tocopherol. In hexane, cuticular phenolics inhibited a-famesene 
oxidation more than diphenylamine. Free cuticular phenolics correlated negatively 
with conjugated trienes (CT281) and scald. 
At harvest epidermal and hypodermal cells contained 50-fold higher phenolics 
than did cuticle, correlating positively with scald. Advanced maturity or ethephon 
reduced cellular phenolics and scald. AVG increased them, but fruit did not scald in a 
low-ethylene room. 
In a linoleic acid system, cuticular lipid-soluble antioxidant activity was 10-15% 
of total activity. Cuticular lipid-soluble antioxidants did not reduce a-famesene 
oxidation in hexane. 
Bagging fruit mid-July until harvest reduced cuticle thickness and phenolic 
contents, but did not affect ethylene, a-famesene or cellular phenolics. Bagging 
increased CT281 and scald. Waxing at harvest did not inhibit a-famesene oxidation 
or reduce scald. 
Conclusions: 
Cuticlar free phenolics are relatively stable, protecting a-famesene from oxidation 
and reducing scald susceptibility. 
Minimally, four factors are involved in scald development: cuticular a-famesene, 
phenolics in vacuole, cuticular phenolics, and antioxidants in living cells. The former 
two are enhancing; the latter two, protective. 
With low ethylene, fruit synthesize little a-famesene and develop no scald. 
Ethylene increases a-famesene, stimulates cuticular phenolic accumulation and lipid- 
ix 
soluble antioxidant activity, and reduces free phenolics in vacuoles. The balance 
determines scalding. 
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CHAPTER I 
INTRODUCTION 
Superficial scald, a physiological disorder of apples that occurs during 
prolonged storage, is associated with autoxidation of a-famesene, formation of free 
radical and accumulation of conjugated trienes in fruit cuticle (Murray et al., 1964; 
Huelin and Murray, 1966; Anet, 1969; Huelin and Coggiola, 1970; Du & Bramlage, 
1993; Whitaker et al., 1997 ). However, our understanding of the mechanism of scald 
development is far from clear due to insufficient, inconsistent, or conflicting results in 
the literature. 
Roles of ethylene in scald development of apples 
a-Famesene accumulation in fruit peel was positively associated with internal 
ethylene of fruit and scald development in apples (Meigh and Filmer, 1969; Watkins 
et al., 1993, Barden and Bramlage, 1994a, b; Du and Bramlage, 1994 ). Ethylene 
scrubbing from the storage environment reduced scald ( Knee and Hatfield, 1981; 
Dover, 1985; Little et al., 1985; Liu, 1986; Little and Peggie, 1987; Lau, 1990; 
Shorter et al., 1992 ). On the other hand, delay of harvest or preharvest ethephon 
application, both of which stimulate internal ethylene synthesis and a-famesene 
accumulation, also can reduce scald significantly ( Couey and Williams, 1973; Greene 
et al., 1977; Hammett, 1976; Lurie et al., 1989; Watkins et al, 1982; Blanpied et al., 
1991 ). The mechanism behind these conflicting facts has never been fully 
understood. One of the reasons might be the difficulty in controlling ethylene levels 
both internally and externally. Ethylene removal did not suppress scald totally. Dover 
l 
( 1985 ) only obtained positive results when fruit were harvested one week before the 
onset of autocatalytic ethylene production and when ethylene concentration was 
maintained below 1 /xl l'1 for most of the storage period, and Chellew and Little 
(1995) did not find any benefit from maintaining low ethylene (approximately 1 /*1 l'1) 
in controlled atmosphere storage. Since ethylene scrubbing does not prevent internal 
ethylene synthesis, it is difficult to maintain a constant ethylene level during the 
storage period. Even when external ethylene level is low, internal ethylene 
concentration might be high enough to cause physiological changes. Therefore, both 
internal and external ethylene levels need to be controlled at the same time to obtain 
conclusive results on ethylene effects during fruit storage. 
Lack of information on antioxidants in fruit cuticle 
Scald development involves at least three oxidation processes. They are a- 
famesene oxidation in fruit cuticle, lipid oxidation in membrane and phenolic 
oxidation in cells. a-Famesene is chemically unstable and can undergo autoxidation 
easily in the presence of oxygen ( Anet, 1969 ). However, both a-famesene oxidation 
in fruit peel and scald development in apples are slow processes. It usually takes two 
or three months for a significant decrease in a-famesene and increase in its oxidation 
products to occur and at least three months for scald to develop ( Huelin and Murray, 
1966; Huelin and Coggiola, 1968; Ingle and D'Souza, 1989 ), which indicates that 
other factors in fruit cuticle may protect a-famesene from oxidation and delay scald 
development. Since exogenous antioxidants like diphenylamine reduced both a- 
famesene oxidation and scald development significantly ( Meigh and Filmer, 1969; 
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Huelin and Coggiola, 1970; Anet and Coggiola, 1974 ), it was suggested that 
metabolites in fruit cuticle with antioxidant activities might play an important role in 
preventing scald development in apples ( Anet and Coggiola, 1974 ). Actually, Anet 
(1974) isolated 11 lipid-soluble metabolites from apple peel with antioxidant activity, 
and the total lipid-soluble antioxidant activity of fruit peel at harvest was negatively 
correlated with scald development of apples ( Meir and Bramlage, 1988; Barden and 
Bramlage, 1994a, b; Gallerani et al., 1990 ). However, to prevent a-famesene from 
oxidation, the antioxidants have to be located within fruit cuticle, where the major 
accumulation of a-famesene occurs ( Murray, et. al., 1964; Huelin and Murray, 
1966). The lipid-soluble antioxidants in the above experiments were not obtained 
specifically from fruit cuticle. They were obtained either from dipping whole fruit in 
hexane, or from hexane extraction of freeze dried fruit peel, which mean that both 
fruit cuticle and epidermal, hypodermal, and even some cortical cells contribute to the 
antioxidant activities measured in those experiments. It is necessary to separate the 
antioxidants in cuticle from those in cells because antioxidants in these two locations 
might play different roles in affecting scald development of apples. Furthermore, 
there is no information available about hydrophilic antioxidants in fruit cuticle. 
Phenolics as antioxidants in fruit cuticle and their relationships with a-famesene 
oxidation and scald development 
Phenolics, including simple phenols ( most phenolic acids ), flavonoids and 
anthocyanin, are active antioxidants in vitro ( Bore and Saran, 1987; Tsuda et al., 
1994; Foti et al., 1996; Sato et al., 1996; Teissedre et al., 1996; Wang et al., 1996 ). 
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Considering the large quantity of phenolics in fruit peel ( Ju et al., 1995a, b ), the 
presence of phenolics in fruit cuticle might be possible and their presence might be 
critical in inhibiting a-famesene oxidation in a reduce-oxygen environment. Actually, 
phenolics have been reported in cuticle of various plants ( Baker, 1982 ), including 
tomato fruit ( Hunt and Baker, 1980; Baker et al., 1982 ), apple leaves ( Richmond 
and Martin, 1959 ) and fruit (Batt and Martin, 1960). However, those results were 
not definitive due to the limitation of methods. Any contamination from cell contents 
would result in detection of phenolics in cuticle due to the high concentration of 
phenolics in epidermal and hypodermal cells of fruit peel. The possibility of 
contamination from cell contents underneath cuticle was not eliminated in those 
experiments. 
Activities of antioxidants with different polarity vary according to the 
environments encountered. Fruit cuticle could be considered as a water-in-oil system 
due to the co-existence of lipophilic wax and hydrophilic pectin, carbohydrate, and 
materials with dipole like free fatty acids and free alcohols. Some hydrophilic areas 
exist in the lipophilic domain of the fruit cuticle. Similarly, fruit peel could be 
considered as a system with two phases, a lipophilic phase ( fruit cuticle ) and a 
hydrophilic phase ( epidermal and hypodermal cells ). a-Famesene accumulates in the 
lipophilic phase while its oxidation is anticipated to occur primarily on the interphase 
of the system due to the resistance of fruit cuticle to oxygen. In this system, lipid- 
soluble antioxidants will distribute evenly in the oil phase of fruit cuticle, while 
hydrophilic antioxidants will concentrate on the interphase. Therefore, phenolics 
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might be more effective in inhibiting a-famesene oxidation should they exist in fruit 
cuticle. 
Roles .of fruit cuticle in scald development of apples 
Plant cuticle is a non-cellular layer with highly heterogenous, lipophilic nature 
covering the epidermal cells ( Misra and Ghosh, 1991). Fruits like apple have much 
thicker cuticle than leaves ( Baker, 1982 ). This cuticle not only provides a medium to 
capture the metabolites from the fruit, especially the secretory, lipophilic, and volatile 
metabolites like a-famesene ( Huelin and Murry, 1966 ), it also accumulates 
metabolites with antioxidant activity, like the lipid-soluble antioxidants ( Anet and 
Coggiola, 1974; Meir and Bramlage, 1988; Gallerani et al., 1990 ), or phenolics. On 
the other hand, cuticle thickness might be another important factor in affecting scald 
development in apples. Fruit bagging during growth, which may reduce cuticle 
thickness, increased scald development ( Barden and Bramlage, 1994 a, b; Ju et al., 
1996 ). While fruit coating at harvest, which may increase cuticle thickness, reduced 
scald development in apples ( Bauchot et al., 1995; Chellew and Little, 1995; Scott et 
al., 1995 ). Meheriuk and Lau ( 1988 ) suggested that coating could reduce diffusion 
of gases including oxygen and carbon dioxide into and out of the fruit. However, 
these results are obtained with different cultivars from different experiments. A 
uniform design is needed to conform the relationship between the cuticle thickness 
and scald susceptibility of apples. 
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The hypothesis in this study are: 
There are three steps toward scald development. One is a-famesene oxidation 
in fruit cuticle, which initiates damage to underlying cells. The second is the lipid 
oxidation and membrane degradation, which causes cell decompartmentalization. The 
third is the subsequent changes in the damaged cells that lead to scald symptom 
appearance, which would include phenolic oxidation. Scald develops only when both 
conditions are fulfilled, i.e., oxidation process initiates cell damage and sufficient 
phenolics are present to produce cellular browning. 
Both lipophilic and hydrophilic antioxidants are important in inhibiting 
oxidation process and scald development in apples. Fruit cuticle might be a water-in- 
oil system. In this system, a-famesene oxidation occurs primarily on the interphase 
due to the availability of oxygen. Therefore, hydrophilic antioxidants, which are more 
easily to be concentrated on the interphase, are more effective in inhibiting oxidation 
than the lipophilic antioxidants, which distributed in the lipid phase evenly. And 
phenolics will play critical role in inhibiting a-famesene oxidation should they exist in 
fruit cuticle. Thus, phenolics might play different roles according to their distribution. 
In cells, they act as prooxidants to produce scald symptom. In fruit cuticle, however, 
they might act as antioxidants to inhibit a-famesene oxidation and to reduce scald 
development. 
Fruit cuticle remains in the center of scald development. It is the primary place 
for a-famesene accumulation, and it might also delay a-famesene oxidation and 
propagation of the oxidation products by either delaying oxygen penetration or by the 
6 
action of its components with antioxidant activity, such as phenolics. Any factor that 
changes its constituents or its texture should have the potential to affect scald 
development in apples. 
Ethylene plays a critical role in scald development. At very low concentrations 
of ethylene, there is little a-famesene accumulated and no scald development. 
However, higher levels of ethylene sometimes also reduce scald although they induce 
a-famesene accumulation in apples. One of the reasons is that ethylene not only 
induce a-famesene accumulation, it also induce other changes, such as promoting 
fruit maturation and ripening ( reducing simple phenols and increasing anthocyanins ), 
which reduce scald susceptibility of apples, or increasing phenolics level in fruit 
cuticle, which might inhibit a-famesene oxidation. The ultimate effects of ethylene on 
scald should be determined by the balance of the two opposite effects. 
i 
The specific objectives in this project are: 
(1) . To evaluate the effects of internal ethylene ( manipulated by varying fruit 
maturity and applying AVG and ethephon preharvest treatments ) and external 
ethylene and during storage on a-famesene accumulation and scald development of 
apples. 
(2) . To analyze phenolics in fruit cuticle of different cultivars and their 
potential antioxidant activity in water-in-oil or oil-in water systems . 
(3) . To analyze lipid-soluble antioxidant activity in fruit cuticle and in cells of 
fruit peel in different cultivars. 
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(4) . To evaluate the effects of fruit maturity, AVG and ethephon preharvest 
treatments, and storage conditions on lipid-soluble antioxidant activity and phenolic 
contents in fruit cuticle. 
(5) . To analyze the relationships between lipid-soluble antioxidants or 
phenolics in fruit cuticle and scald resistance of apples. 
(6) . To measure phenolic content and polyphenol oxidase activity in living 
cells of fruit peel and evaluate their relationships with scald susceptibility of apples. 
(7) . To evaluate the effects of cuticle thickness on scald susceptibility of apples 
by fruit bagging or fruit coating. 
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CHAPTER II 
LITERATURE REVIEW 
Superficial scald of apples 
Superficial scald is a physiological disorder of apples that develops during 
prolonged cold storage. It is characterized by irregular brown patches of damaged 
cells developing just beneath the cuticle, without apparent damage to the underlying 
cells in the early stage ( Bain, 1956 ). Fruit flesh also can be affected when the injury 
develops. Scald susceptibility of apples varies with cultivars ( Huelin and Coggiola, 
1968 ), and can be affected by many internal and external factors, like rootstock 
(Autio, 1991 ), fruit maturity at harvest ( Huelin and Coggiola, 1968; Anet, 1972; 
Watkins et al., 1982; Blanpied et al., 1991; Barden and Bramlage, 1994a, b ), low 
temperature before harvest ( Merritt et al., 1961; Morris, 1964; Blanpied et al., 1991; 
Bramlage and Watkins, 1994; Weis, 1996 ), calcium content in fruit peel ( Drake et 
al., 1979; Bramlage and Watkins, 1985 ), and storage conditions ( Brooks et al., 
1923; Smock and Southwick, 1948; Huelin and Coggiola, 1970a, b; Chen et al., 
1985; Little et al., 1985; Little and Peggie, 1987; Little and Barrand, 1989 ). This 
research on apple scald has been well summarized by Ingle and D'Souza ( 1989 ), Du 
( 1993 ), and Weis ( 1995 ). 
Biochemical causes of scald in apples 
Early research showed that scald was related to accumulation of a-famesene in 
fruit peel ( Murray et al. 1964; Huelin and Murray , 1966; Huelin and Coggiola, 
1968 ). a-Famesene was present in newly formed apple fruit and its concentration fell 
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during the fruit enlargement period ( Sutherland et al., 1977 ). It was not detectable in 
preclimacteric fruit but increased rapidly during fruit ripening or during commercial 
storage ( Huelin and Murray, 1966; Meigh and Filmer, 1969; Huelin and Coggiola, 
1970a, b; Anet, 1972 ). Accumulation of a-famesene occurred mainly within fruit 
cuticle ( Murray, et. al., 1964; Huelin and Murray, 1966 ). a-Famesene was 
chemically unstable and could undergo autoxidation easily in the presence of oxygen 
to form free radicals and conjugated trienes ( CTs ) ( Anet, 1969 ). Application of 
antioxidants like diphenylamine or ethoxyquin ( Smock, 1957; Huelin and Coggiola, 
1968, 1970a,b ) greatly reduced scald development. Other research found that scald 
was associated more closely with CTs, the products of a-famesene oxidation, than 
with a-famesene per se in fruit peel ( Huelin and Coggiola, 1970a and b; Anet and 
Coggiola, 1974; Whitaker et al., 1997 ). The role of diphenylamine in reducing scald 
was to inhibit the oxidation of a-famesene to CTs ( Anet, 1972; Du and Bramlage, 
1994). 
Du and Bramlage ( 1993, 1994) found that the effects of CTs on scald 
development varied according to the nature of different CTs. The CTs measured at 
281 nm ( CT281 ) in hexane extract of fruit surface were positively correlated with 
scald, but those measured at 258 nm ( CT258 ) were negatively correlated with it, and 
scald development was related inversely to the CT258/CT281 ratio. However, 
applying a-famesene to apples did not induce typical scald symptoms ( Huelin and 
Coggiola, 1970b ), and drenching fruit in a-famesene or squalene emulsions even 
reduced scald development in apples and pears in a recent report ( Curry, 1995 ). 
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Role of ethylene in affecting scald development 
The role or roles of ethylene in scald development are not clear. a-Famesene 
accumulation in fruit peel was corresponded with the rate of ethylene production in 
fruit ( Barden and Bramlage, 1994a, b; Du and Bramlage, 1994 ). Ethylene scrubbing 
from the storage environment effectively reduced scald development of apples ( Knee 
and Hatfield, 1981; Dover, 1985; Little etal., 1985; Liu, 1986; Lau, 1990; Short et 
al., 1992 ). However, delay of harvest, which stimulated ethylene synthesis and a- 
famesene accumulation, also significantly inhibited scald development ( Watkins et 
al., 1982; Blanpied et al, 1991; Barden and Bramlage, 1994a, b; Ju et al., 1996 ), 
and pre-storage treatment with high temperature of about 38°C ( Porritt and Lidster, 
1978; Lurie and Klein, 1990; Lurie et al., 1991; Watkins, 1995 ) or dipping in hot 
water of about 60°C ( Hardenburg, 1965, 1966 ), which accelerated ethylene 
synthesis, also reduced scald in apples. Preharvest treatment with ethephon, which 
stimulate ethylene synthesis and a-famesene accumulation, both increased ( Windus 
and Shutak, 1977; Greene et al., 1974 )and decreased ( Couey and Williams, 1973; 
Hammett, 1976; Greene et al., 1977; Watkins et al., 1982; Lurie et al., 1989; Barden 
and Bramlage, 1994a, b; Ju et al, 1996) scald development of apples. Du and 
Bramlage ( 1994 ) proposed both a long-term effect and a short term-effect of 
ethylene on scald development. The short-term effect was to stimulate a-famesene 
synthesis and promote scald development, while the long-term effect was to increase 
the CT258/CT281 ratio and reduce scald development. The actual effect of ethylene 
15 
in a given situation would depend on the balance between these promotive and 
inhibitory effects. 
Role of antioxidants in scald development of apples 
While scald might be induced by a-famesene oxidation in fruit cuticle, the 
symptom is developed from phenolic oxidation and polymerization in living cells 
underneath the cuticle, such as epidermal and hypodermal cells ( Bain, 1956; Bain 
and Mercer, 1963; Duvenage and De Swardt, 1973; Piretti et al., 1994; Ju et al., 
1996 ). However, phenolics are separated from enzymes like polyphenol oxidase ( EC 
1. 14. 18. 1; PPO ) by compartmentalization in intact cells ( Richardson and Hyslop, 
1985; Ju and Zhu, 1988; Nicolas et al., 1994 ). Oxidation of lipid membranes can 
produce decompartmentalization. Once membrane integrity is damaged from some 
cause, tissue browning will be determined by two factors, phenolics contents and PPO 
activity in living cells ( Nicolas, et al., 1994 ). Thus, there is at least three oxidations 
involved in scald development in apples. They are a-famesene oxidation in fruit 
cuticle, lipid oxidation in membrane and phenolics oxidation in living cells. 
Therefore, antioxidants are very important in inhibiting scald development of 
apples. Although a-famesene is very susceptible to oxidation, it usually takes two or 
three months for a significant decrease in a-famesene accumulation to occur and at 
least three months for scald to develop ( Huelin and Murray, 1966; Huelin and 
Coggiola, 1968; Ingle and D'Souza, 1989 ), which indicates that other factors in fruit 
cuticle may protect a-famesene from oxidation and delay scald development. Since an 
exogenous antioxidant like diphenylamine can reduce a-famesene oxidation and scald 
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development significantly ( Meigh and Filmer, 1969; Huelin and Coggiola, 1970a, b; 
Anet and Coggiola, 1974 ), it was suggested that metabolites in fruit cuticle with 
antioxidant activities might play an important role in preventing scald development in 
apples ( Anet and Coggiola, 1974 ). Anet ( 1974 ) isolated 11 lipid-soluble 
metabolites with antioxidant activity from apple peel. Furthermore, total lipid-soluble 
antioxidant activity of fruit peel at harvest was negatively correlated with scald 
development of apples ( Meir and Bramlage, 1988; Barden and Bramlage, 1994a, b; 
Gallerani et al., 1990). 
Role of phenolics in affecting scald development of apples 
High concentrations of phenolics have been detected in fruit peel ( Oleszek et 
al., 1989; Burda et al., 1990; Lee, 1990; Ju et al, 1995, 1996 ). Although phenolic 
oxidation is not the cause of scald development, development of scald symptoms 
(browning ) does rely on the existence of phenolics in living cells. Phenolics in fruit 
peel at harvest were positively correlated with scald of apples ( Duvenage and De 
Swardt, 1973; Piretti et al., 1994; Ju et al., 1996 ). However, phenolics, including 
simple phenols ( most phenolic acids), flavonoids and anthocyanin are active 
antioxidants in vitro ( Bore and Saran, 1987; Tsuda et al., 1994, Foti et al., 1996; 
Sato et al., 1996; Teissedre et al., 1996; Wang et al., 1996 ). Anet ( 1974 ) noticed 
that many phenolic compounds which would be expected to have antioxidant activity 
were known to occur in apples, but he did not think phenolics could play a significant 
role in inhibiting famesene oxidation since he believed phenolics existed almost 
exclusively in the aqueous phase. However, there is evidence that phenolics do exist 
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in cuticle of various plants ( Baker, 1982 ), including tomato fruit ( Hunt and Baker, 
1980; Baker et al., 1982 ), apple leaves ( Richmond and Martin, 1959 ) and fruit 
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(Batt and Martin, 1960), although those results were not conclusive due to the 
limitation of methods. Any contamination from cell contents would result in detection 
of phenolics in cuticle due to the high concentration of phenolics in epidermal and 
hypodermal cells of fruit peel. The possibility of contamination from cell contents 
underneath the cuticle was not eliminated in those experiments. 
Roles of fruit cuticle in affecting scald development of apples 
More than thirty years of study showed that a-famesene played major role in 
initiating the oxidation process which ultimately resulted scald symptom development. 
Since a-famesene mostly accumulated within fruit cuticle ( Huelin and Murray, 
1966), fruit cuticle plays an important role in affecting a-famesene accumulation and 
oxidation and scald development in apples. It not only provides a medium to capture 
the metabolites from the fruit, especially the secretory, lipophilic, and volatile 
metabolites like a-famesene, it also contains lipid-soluble antioxidants ( Anet and 
Coggiola 1974; Meir and Bramlage, 1988; Gallerani et al. 1990 ), and may be some 
other antioxidants, like phenolics. On the other hand, fruit cuticle is high resistant to 
oxygen penetration, the thickness of fruit cuticle will also affect a-famesene oxidation 
by affecting oxygen penetration. 
Fruit bagging increased scald susceptibility of apples without increasing their 
internal ethylene and a-famesene accumulation ( Barden and Bramlage, 1994a, b ). 
On the other hand, scald was reduced in apple and pear when the thickness of cuticle 
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was increased by fruit coating. Both synthesized materials ( Smith and Stow, 1984; 
Meheriuk and Lau, 1988; Miszczak, 1994; Bauchot et al., 1995; Chellew and Little, 
1995;) and natural wax ( Smock, 1935; Hitz and Haut, 1938; Claypool, 1939; Trout 
et al., 1953; Porritt and Meheriuk, 1970 ) or vegetable oil ( Hall et al., 1953; Staden, 
1969; Scott et al., 1995 ) were effective coatings in reducing scald. A synergistic 
effect was found when the coating material was applied with antioxidants, like 
diphenylamine or ascorbic acid ( Bester, 1987; Little and Barrand, 1989 ). 
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CHAPTER III 
SUPPRESSION OF SCALD DEVELOPMENT IN 'DELICIOUS' APPLES BY 
MAINTENANCE OF LOW ETHYLENE CONDITIONS OR BY ETHEPHON 
PREHARVEST TREATMENT 
Abstract 
Effects of aminoethoxyvinylglycine ( AVG ) and 2-chloroethylphosphonic acid 
(ethephon ) on ethylene and a-famesene accumulation, and on scald development in 
'Delicious' apples under different storage conditions were studied. AVG treatment 
(200 mg l'1 in 1993, 220 mg • l'1 in 1995 ) significantly inhibited ethylene synthesis 
and delayed fruit maturation at harvest. When stored in a low-ethylene room (ambient 
ethylene was below detectable limits ), AVG-treated fruit accumulated only trace 
amounts of ethylene ( <0.5 /*1 • l'1 ) and less than 5 ( 1995 ) or 30 ( 1993 ) nmol * 
cm'2 of a-famesene at the end of storage. In a commercial storage room, AVG 
preharvest treatment inhibited ethylene synthesis early in storage ( about one month in 
1993 and 2 months in 1995 ), but internal ethylene in these fruit increased slowly 
after that, reaching about 22 /xl • l"1 in 1993 and 5 pi * l"1 in 1995 at the end of storage, 
which still were much lower levels than those in the controls. a-Famesene 
concentrations remained low early in storage, but then increased steadily and 
ultimately were similar to those in the control fruit. AVG-treated fruit in the low- 
ethylene room did not develop any scald after storage. In the commercial room, 
however, AVG-treated fruit developed similar percentages of scald as the controls 
(12 vs 13 in 1993, 91 vs 86 in 1995) after about 25 weeks of storage. There was no 
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difference in scald severerity between AVG-treated and control fruit in 1993, but 
scald score of AVG-treated fruit in 1995 was higher than that of control fruit (2.39 
vs 1.90 ). Ethephon treatment advanced fruit maturity, accelerated ethylene synthesis, 
and promoted a-famesene accumulation, but reduced scald significantly, below that in 
the controls. 
Key worlds: 
Ethylene, Aminoethoxyvinylglycine, a-Famesene, Superficial scald, Apple 
Introduction 
Ethylene plays fundamental but conflicting roles in scald development in apples. 
Internal ethylene is positively associated with a-famesene accumulation and scald 
development ( Meigh and Filmer, 1969; Watkins et al., 1993, Barden and Bramlage, 
1994a, b; Du and Bramlage, 1994 ), and removal of ethylene from the storage 
environment can reduce scald ( Knee and Hatfield, 1981; Dover, 1985; Little et al., 
1985; Liu, 1986; Little and Peggie, 1987; Lau, 1990; Shorter et al., 1992 ). On the 
other hand, preharvest ethephon application, delayed harvest, and delayed storage, 
which stimulate ethylene synthesis, also can reduce scald significantly ( Couey and 
Williams, 1973; Greene et al., 1977; Hammett, 1976; Lurie et al., 1989; Watkins et 
al., 1982 ). The mechanism behind these conflicting facts has not been fully 
explained. One reason might be the difficulty in controlling ethylene levels both 
internally and externally. Even ethylene removal from the storage atmosphere did not 
suppress scald totally. Dover ( 1985 ) only obtained positive results when fruit were 
harvested one week before the onset of autocatalytic ethylene production and when 
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ethylene concentration was maintained below 1 /xl * l'1 for most of the storage period. 
Chellew and Little ( 1995 ) did not find any benefit from low ethylene (approximately 
1 fil' r1) in controlled atmosphere storage. Since ethylene scrubbing does not prevent 
internal ethylene synthesis, it is difficult to maintain a constant ethylene level during 
storage. Even when external ethylene is low, internal ethylene concentration might be 
high enough to cause physiological changes. 
Aminoethoxyvinylglycine ( AVG ) inhibits ethylene synthesis in apples (Bangerth, 
1978; Bramlage et al., 1980; Autio and Bramlage, 1982 ). Du ( 1993 ) reduced scald 
development of 'Cortland' apples by applying 250 mg l'1 AVG, but a substantial 
amount of scald still developed in AVG-treated fruit ( 38% vs 68% of the control). 
Here we report results of experiments in which ethylene synthesis was regulated 
by preharvest applications of ethephon ( promotor) and AVG (inhibitor )and fruit 
were stored in high and low ethylene environments. These experiments were designed 
to clarify the relationships between ethylene and scald development on 'Delicious' 
apples. 
Materials and Methods 
Experiments were carried out during 1993 and 1995 at the University of 
Massachusetts Horticultural Research Center, in Belchertown. A block of mature 
'Delicious' trees growing under commercial horticultural conditions was selected. On 
9 September, 1993, five one- or two-tree plots ( depending on fruit load ) were 
sprayed with 200 mg l*1 of AVG ( Abbott Lab ) to runoff with a hand sprayer. 
Another five plots served as controls. Each plot constituted a replication in a 
completely randomized design. About 160 fruit per plot were harvested on 5 October. 
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Ten of them were used for fruit maturity evaluation, another 10 for ethylene and a- 
famesene measurement, and the remaining fruit were stored in a commercial room in 
air at 0°C. At the same time, 50 fruit per AVG- treated plot were harvested and stored 
in a low-ethylene room (without an ethylene source except for the AVG-treated fruit). 
At 5, 10, 15, 20, and 25 weeks, 10 fruit per sample from the commercial room were 
taken for ethylene and a-famesene measurement. From the low-ethylene room, a 
composite 10-fruit sample was taken for these measurements. Air samples from the 
low-ethylene room were also taken regularly to detect ambient ethylene level. After 
25 weeks of storage, the remaining fruit were evaluated for scald after 7 days at 20°C. 
In 1995, 18 one- to two-tree plots were randomly divided into three groups ( with 
six replicates in each group ). One group received 220 mg • l'1 AVG on 12 
September, one received 200 mg • l*1 2-chloroethylphosphonic acid ( ethephon, 
Rhone-Poulenc, AG, NC ) on 19 September, and the third group served as control. 
Three hundred fruit from each ethephon-treated and control plot, and 600 fruit from 
each AVG-treated plot were harvested on 28 September. Half of the AVG-treated 
fruit were stored in a low-ethylene room (as in 1993 ) at 0°C, and the other half 
were put in a commercial storage room together with the ethephon-treated and control 
fruit at 0° C in air. 
At harvest, 12 fruit per plot were used for fruit maturity evaluation, and 12 for 
ethylene and a-famesene measurement. At 1, 2, 3, 4, 5, and 6 months of storage, 12 
fruit per sample were taken for measuring ethylene and a-famesene. Ambient 
ethylene in both the commercial and low-ethylene room was monitored every month. 
Scald was evaluated after 5 and 6 months of storage following 7 days at 20°C. At 
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least 100 fruit were used in the evaluation. Scald was recorded both as percent 
incidence and as intensity, using the scale of 0=none, 1 = 1 to 10%, 2 = 11 to 33%, 
3=34 to 66%, and 4=67 to 100% of the surface area affected. Intensity was 
calculated as mean of affected fruit. 
Green area of fruit peel was estimated visually as percent of total fruit area. Flesh 
firmness was measured on two sides of each fruit with a U C Firmness Tester 
(Western Industrial Supply, Inc. CA ) after peel was removed. Starch score was 
evaluated by dipping one half of each fruit, cut at the equator, in an iodine solution 
for approximately 30 s. The degree of staining was rated on a scale of 1 to 5 where 
1=staining of the entire cut surface and 5=absence of staining ( Priest and Lougheed, 
1988 ). Twelve fruit from each sample were used in these measurements. 
Ethylene was measured by gas chromatography with 0.5 mm activated aluminum 
column and a flame-ionization detector ( GC-8A, Shimadzu, Japan ). Air from the 
core of each fruit was taken by using a 5 ml syringe. One ml of the gas was injected 
into the column and the ethylene concentration was calculated by standard ethylene. 
Extraction and measurement of a-famesene and conjugated trienes were carried out 
according to the procedure of Du ( 1993). Ten or twelve fruit were dipped 
individually and in sequence in 150 ml of HPLC grade hexane for three min. each. 
UV absorbance of properly diluted hexane extracts was measured by UV 
spectrophotometer ( Model 200, Perkin-Elmer, Hitachi, Japan ) at 232, 258, 281, and 
290 nm. Concentrations of a-famesene in hexane extracts were calculated from 
OD232 ( E232=27,700 ) according to Huelin and Coggiola ( 1968 ). 
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Data were analyzed by ANOVA and GLM procedures of SAS Statistical Software 
( SAS Institute, Cary, NC ). Means were separated using Duncan’s New Multiple 
Range Test at 5% level. 
Results 
AVG treatment reduced internal ethylene concentrations at harvest in both years 
(Table 3.1 ). Fruit firmness was higher and starch score was lower in AVG-treated 
fruit than those in controls in 1995, but not in 1993. Percentage of green area of fruit 
peel was significantly higher in AVG-treated fruit than that in controls in 1995. These 
differences indicated delayed maturity following AVG treatment in 1995. Opposite to 
the effects of AVG, ethephon increased ethylene concentration and advanced fruit 
maturity at harvest. 
When stored in a low-ethylene room in 1993, AVG-treated fruit produced only 
trace amounts of internal ethylene ( < 1 /xl * l'1) through 10 weeks of storage ( Table 
3.2 ). Internal ethylene increased thereafter to 8 /xT l'1 after 25 weeks of storage. In 
1995, the AVG-treated fruit accumulated only 0.5 /xl l'1 ethylene at the end of 
storage when the fruit were stored in the low-ethylene room ( Fig. 3.1 ). Ambient 
ethylene inside fruit packages ( kraft paper bags ) and in the storage room was below 
detectable limits in both years in the low-ethylene room. 
In the commercial storage room in 1993, internal ethylene concentration in AVG- 
. treated fruit increased from 0.2 to 3 /xl * l’1 after 5 weeks of storage, and then 
increased steadily to 22 /xl l1 (26% of the control) after 25 weeks of storage ( Table 
3.2 ). In 1995, internal ethylene in AVG-treated fruit in the commercial room did not 
change much in the first three months of storage, but increased slowly thereafter (Fig. 
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3.1 ). However, it was only about 7 fd l'1 at the end of storage, much lower than the 
50 n\ • l*1 ethylene in control fruit. Ambient ethylene around the fruit packages in the 
commercial storage room in 1995 ranged from 5 to 38 /*1 • l*1 during storage, 
significantly higher than the internal ethylene in AVG-treated fruit. Internal ethylene 
in ethephon-treated fruit was higher than that in controls at harvest and during the first 
three months of storage, but was similar to that in the control fruit thereafter. 
In 1995, formation of a-famesene in AVG-treated fruit in the low-ethylene room 
was not detectable during four months of storage. Even after 6 months of storage, 
concentration of a-famesene was only 3 nmol • cm'2( Fig. 3.2 ). However, a- 
famesene started to accumulate in AVG-treated fruit after 5 weeks in 1993 ( Table 
3.2 ). Its final concentration in the low-ethylene room was 51 nmol • cm'2, still much 
lower than in the controls or AVG-treated fruit in commercial room. Although 
internal ethylene was significantly lower in AVG-treated fruit than that in controls 
when stored in the commercial storage room, in 1993, there was no difference in a- 
famesene accumulation between them (Table 3.2 ). a-Famesene increased greatly 
within 5 weeks in both control and AVG-treated fruit. In 1995, a-famesene started to 
accumulate after one month of storage, then increased rapidly and reached the levels 
of control fruit at 3 months of storage ( Fig. 3.2 ). Formation of a-famesene in 
ethephon-treated fruit first paralleled internal ethylene synthesis, increasing rapidly 
early in storage, but then decreased rapidly late in storage. 
Preharvest AVG treatment and low-ethylene storage completely prevented scald 
development in 'Delicious' apples in both years ( Table 3.3 ). In the commercial 
storage room, AVG-treated fruit developed 12% scald in 1993 and 91% scald in 
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1995, levels similar to those of the control fruit (13% and 86%, respectively ). There 
was no difference in scald score between AVG treatment and control in 1993, but 
scald score for AVG- treated fruit in 1995 was significantly higher than that in 
control fruit ( 2.39 vs 1.90 ). Compared with control or AVG-treated fruit in the 
commercial room, ethephon treatment reduced scald by about 50%. 
Discussion 
AVG treatment was very effective in inhibiting ethylene synthesis at harvest and 
in early storage. However, 200 ppm AVG applied one month before harvest in 1993 
did not continue to inhibit ethylene synthesis during prolonged low-ethylene storage, 
since internal ethylene reached 8 /xl • l'1 at 25 weeks of low-ethylene storage. This 
might have been due to the lateness of harvest, when internal ethylene in control fruit 
had reached 12 /xl * l"1. We increased the dosage of AVG in 1995 to 220 mg l'1 and 
harvested the fruit earlier ( 28 September, two weeks after AVG treatment and before 
the climacteric rise in control fruit, coincident with commercial harvest). Under these 
conditions, both internal and ambient ethylene were kept below 0.5 /xl’ l'1 level for 
six months in the low-ethylene storage. 
The relationship between ethylene and a-famesene was first described by Meigh 
and Filmer ( 1969 ). They reported that the increase in a-famesene levels 
corresponded with ethylene production when fruit were kept at 12°C. Watkins et al. 
(1993 ), Barden and Bramlage ( 1994a, b ), and Du and Bramlage ( 1994 ) also found 
strong association between ethylene levels and a-famesene accumulation in apples 
under various conditions. However, those results were obtained by correlation 
analysis and using conditions where high levels of ethylene were produced, and no 
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data were obtained under conditions where ethylene synthesis was nearly completely 
inhibited. By using AVG, not only did we confirm that ethylene correlated with a- 
famesene accumulation, but also produced evidence that ethylene regulates a- 
famesene synthesis in apples. When both internal and external ethylene were kept at 
very low levels (AVG preharvest treatment plus low-ethylene room storage, 
< 1 /xl' l'1), there was no detectable a-famesene in the first three months of storage 
and only trace amounts of a-famesene ( 3 nmol • cm'2) present in fruit peel after six 
months of storage ( Fig. 3.2 ). However, a-famesene started to accumulate rapidly 
whenever fruit were exposed to ethylene exceeding a certain level, whether the 
ethylene was endogenous or exogenous. Although internal ethylene in AVG-treated 
fruit in a commercial room was only about 0.2 y\ l1 in the first three months of 
storage, a-famesene started to accumulate from the first month, and reached the 
same level as control values in the third month in 1995. In 1993, when internal 
ethylene rose early during commercial storage, the fruit accumulated the same amount 
of a-famesene as did the controls (Table 3.2 ). These results indicated that AVG did 
not inhibit a-famesene synthesis directly, but did so by inhibiting ethylene synthesis. 
Thus, we conclude that a-famesene synthesis during fruit ripening is dependent on 
exposure to elevated levels of ethylene, and increased with increasing levels of 
ethylene. 
Our results support the finding that reduced ethylene level was beneficial for 
reducing scald ( Knee and Hatfield, 1981; Dover, 1985; Little et al., 1985; Liu, 
1986; Little and Peggie, 1987; Lau, 1990; Shorter et al., 1992 ). Scald was 
prevented totally if both internal and external ethylene were maintained at a very low 
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level ( probably < 1 /ri l1). There was no scald in AVG preharvest-treated fruit 
when they were stored in an essentially ethylene-free room, even when internal 
ethylene reached 8 /xl • l*1 and a-famesene was 51 nmol-cm‘2 late in storage in 1993. 
This indicates that scald development is a slow process and a lag phase is needed for 
scald to develop after the rise in ethylene and a-famesene accumulation. However, 
the AVG-treated fruit developed similar amounts of scald as the controls in both 
1993 ( 12% vs 13% ) and 1995 ( 91% vs 87% ) when they were stored in a 
commercial room. This was different from the results of Du ( 1993 ), in which AVG 
treatment reduced scald from 68% to 38% in 'Cortland' when stored in a commercial 
room. However, he harvested his sample on 15 September, which was earlier than the 
commercial harvest or harvests of his main experiment. The main experiment showed 
that scald on AVG-treated and control fruit was equivalent when fruit were harvested 
at the same time ( Bramlage, unpublished data). 
Compared with 1993, 1995 was a season with severe scald development. AVG- 
treated fruit in the commercial room not only developed a similar percentage of scald 
as the controls, but even a higher scald score compared with the control fruit, which 
indicated that AVG treatment might have increased susceptibility of apples to scald 
when they were stored in commercial room. This was probably due to the effect of 
AVG in delaying fruit maturation, since AVG-treated fruit had much lower starch 
score and higher percentage of green colored area on the surface ( Table 3.1). The 
inhibition of fruit maturation by AVG was reported by Autio and Bramlage ( 1982 ). 
Fruit maturity is one of the most important factors that affect scald susceptibility of 
apples. Immature fruit often develop scald more rapidly than mature fruit, and the 
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green colored area of the fruit peel is usually more susceptible to scald than the red 
colored area (Ingle and D'suzo, 1988, Blanpied, et al., 1991; Barden and Bramlage, 
1994a,b ). Bramlage ( unpublished data) also found that AVG-treated fruit were 
more susceptible to skin injury. An unusual discoloration was found prominent on 
AVG-treated fruit after storage and he called it 'chilling injury', since it included a 
gray discoloration common on chilled 'McIntosh' fruit. Some of this appearance was 
a slightly rusty looking discoloration which may have been partially-developed scald. 
It was hard to distinguish this chilling injury from scald, especially on those fruit with 
both symptoms mixed together. 
If delaying fruit maturation makes fruit susceptible to scald, then factors 
advancing fruit maturity should reduce scald susceptibility. This was true in our 
ethephon experiment and has been documented often before in the literature ( Couey 
and Williams, 1973; Greene et al., 1977; Watkins et al., 1982; Barden and Bramlage, 
1994b ). Although ethephon treatment induced more a-famesene formation, it 
accelerated fruit maturation at the same time. In this and other ethephon experiments 
mentioned above, it seemed that the effects of ethephon on fruit maturation ( which 
increased fruit resistance to scald or reduced fruit susceptibility to scald, a protective 
factor ) overcame the effects of ethephon on a-famesene accumulation and oxidation 
(which increase fruit susceptibility to scald, a detrimental factor ). The ultimate result 
was significant reduction in scald compared with the control ( Table 3.3 ). 
This experiment also showed that AVG had two different effects on scald 
development of apples. It inhibited ethylene synthesis and a-famesene accumulation, 
which would reduce scald development. On the other hand, it also delayed fruit 
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maturation, which made the fruit more susceptible to scald. The ultimate effect 
depended on the storage condition ( Table 3.3 ). If stored in a low-ethylene room, 
there was little or no a-famesene accumulation. When the detrimental factor, a- 
famesene, is kept at a low level, fruit will not scald even though they are highly 
susceptible to scald. If stored in commercial room, where a high level of ambient 
ethylene was present, the combination of high fruit susceptibility to scald and 
presence of the detrimental factor, a-famesene, induced similar or even more scald in 
AVG-treated than in control fruit. 
Our results support the hypothesis proposed by Du and Bramlage ( 1994 ) that 
ethylene has a long-term and a short-term effect on scald development. Ethylene 
stimulated a-famesene accumulation in fruit cuticle, which increased the possibility 
for scald development. Ethylene also advanced fruit maturation simultaneously, which 
increased fruit resistance or reduced fruit susceptibility to scald. There has been much 
research on the relationship between fruit maturity and scald development ( Blanpied, 
et al., 1991; Barden and Bramlage, 1994b ), but fruit maturity is a general 
phenomenon including many biochemical and physiological changes. There must be 
some specific connection between fruit maturity and fruit susceptibility to scald, 
which needs future study. 
In practice, there are two methods widely used to preserve apple fruit quality. One 
is cold storage, which is less expensive but not effective in preventing scald. Another 
is controlled atmosphere storage, sometimes combined with ethylene scrubbing, which 
can be effective in inhibiting scald but expensive. Our experiment showed there may 
be another inexpensive while effective method to control scald. We refer it as low- 
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ethylene storage. This method has only two simple requirements. One is AVG 
preharvest treatment, another is only AVG-treated fruit are allowed in the same 
storage room. Wether or not this can be achieved on a commercial scale remains to be 
determined. 
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Table 3. 2. Effects of AVG on changes in internal ethylene and a-famesene 
concentrations in Delicious' apples at different storage conditions in 1993z. 
Weeks 
at 0°C 
Ethylene (pH'1) a-Famesene ( nmol-cm'2) 
Control AVG-Cy AVG-E* Control AVG-C AVG-E 
0 12 0.2 0.2 0 0 0 
5 35 3 0.2 169 185 0 
10 69 5 0.7 215 191 20 
15 61 10 1.7 236 233 48 
25 85 22 8.0 232 236 51 
Meanw 52 8 2 170 169 24 
a b c a a b 
Regression v. 
Linear **** **** **** **** **** ♦ ♦♦ 
Quadratic ns ns ** * * ns 
Z: Fruit were treated with 200 mgT1 AVG on 9 September and harvested on 8 October. 
Interactions between treatments and storage times were significantly different by 
ANOVA test. 
Y: AVG-C: fruit were stored in commercial storage room. 
X: AVG-E: fruit were stored in low-ethylene room. 
W: Different letters represent significance by Duncan's New Multiple Range Test ( p= 
0.05 ). 
V: ****, ***, * and ns represent significance at p=0.0001, 0.001, 0.01, 0.05 or not 
significant, respectively. 
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CHAPTER IV 
PHENOLICS AND LIPID-SOLUBLE ANTIOXIDANTS IN FRUIT CUTICLE OF 
APPLES AND THEIR ANTIOXIDANT ACTIVITIES IN MODEL SYSTEM 
Abstract 
Phenolics were extracted from fruit cuticles of 'Delicious', 'Golden Delicious’, 
'Empire', and 'Cortland' apples, using either cuticular wax scraped from fruit peel or 
enzyme isolated cuticles. Free phenolics in fruit cuticle ranged from 8 to 45 pg • g'1 of 
cuticle, and bound phenolics ranged from 50 to 110 pg g'1 of cuticle in these 
cultivars. Free phenolics in the four cultivars were in the order: 'Golden Delicious' 
> 'Delicious' > 'Empire' > 'Cortland'. In a linoleic acid model system, antioxidant 
activities of standard flavonoids were higher than those of standard phenolic acids. 
Antioxidant activity of free phenolics in fruit cuticle was equivalent to the activity of 
standard flavonoids, while bound phenolics displayed activity similar to that of 
standard phenolic acids when released by chemical methods. Only about 10-15% of 
the total lipid-soluble antioxidant activity in fruit peel was detected in isolated fruit 
cuticle. Among the four cultivars, lipid-soluble antioxidant activity in epidermal and 
hypodermal cells was similar in 'Golden Delicious', 'Empire' and 'Cortland' apples, 
while 'Delicious' had lower lipid-soluble antioxidant activity than the other three 
cultivars. There was no clear correlation between lipid-soluble antioxidant activity and 
scald resistance among the four cultivars. However, the total antioxidant activities 
(activity of free phenolics in cuticle plus activity of lipid-soluble antioxidants in fruit 
peel) of the four cultivars were in the order: 'Golden Delicious' > 'Empire' > 
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'Delicious' > 'Cortland', which was very similar to their scald resistance potentials. 
Key Words: Phenolics, antioxidants, cuticle, superficial scald, apples. 
Introduction 
Superficial scald is associated with accumulation and autoxidation of a-famesene 
in fruit cuticle ( Murray et al., 1964; Anet, 1969; Du and Bramlage, 1993, 1994; 
Whitaker et al., 1997 ). a-Famesene is chemically unstable and can undergo 
autoxidation easily in the presence of oxygen ( Anet, 1969 ). However, a-famesene 
oxidation in fruit peel and scald development of apple are slow processes. It usually 
takes two or three months for a significant decrease in a-famesene accumulation to 
occur and at least three months for scald to develop (Huelin and Murray, 1966; 
Huelin and Coggiola, 1968; Ingle and D'Souza, 1989), which indicates that other 
factors in fruit cuticle may protect a-famesene from oxidation and delay scald 
development. Since exogenous antioxidants like diphenylamine reduced a-famesene 
oxidation and scald development significantly (Meigh and Filmer, 1969; Huelin and 
Coggiola, 1970; Anet and Coggiola, 1974), it was suggested that metabolites in fruit 
cuticle with antioxidant activities might play an important role in preventing scald 
development in apples (Anet and Coggiola, 1974). Anet (1974) isolated 11 lipid- 
soluble metabolites from apple peel with antioxidant activity. The total lipid-soluble 
antioxidant activity of fruit peel at harvest was negatively correlated with scald 
development of apples (Meir and Bramlage, 1988; Barden and Bramlage, 1994a, b; 
Gallerani et al., 1990). Since the accumulation of a-famesene occurs primarily in 
fruit cuticle ( Murray, et. al., 1964; Huelin and Murray, 1966 ), the lipid-soluble 
antioxidants have to be located within fruit cuticle to be effective in preventing a- 
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famesene oxidation. However, the antioxidants in the above experiments were not 
obtained specifically from fruit cuticle. They were obtained either from dipping whole 
fruit in hexane, or from hexane extraction of freeze dried fruit peel, which means 
both fruit cuticle and epidermal, hypodermal, and some cortical cells contributed to 
the antioxidant activities measured in those experiments. It is necessary to separate the 
antioxidants from the two sources because antioxidants in cells underlying the cuticle 
might play different roles from those in cuticle in affecting scald development of 
apples. 
On the other hand, it is not clear whether or not hydrophilic antioxidants exist in 
fruit cuticle. Phenolics, including simple phenols (most phenolic acids) , flavonoids 
and anthocyanins are active antioxidants in vitro (Bore and Saran, 1987; Tsuda et al., 
1994, Foti et al., 1996; Sato et al., 1996; Teissedre et al., 1996; Wang et al., 1996). 
Although plant cuticle is a layer with high lipophilic nature, hydrophilic phenolics 
have been reported in cuticle of various plants (Baker, 1982), including tomato fruit 
(Hunt and Baker, 1980; Baker et al., 1982), apple leaves (Richmond and Martin, 
1959) and apple fruit (Batt and Martin, 1960). However, those results were not 
conclusive due to the limitation of methods. Any contamination from cell contents 
would result in detection of phenolics in cuticle due to the high concentration of 
phenolics in epidermal and hypodermal cells of fruit peel, and the possibility of 
contamination from cell contents underneath cuticle was not considered and eliminated 
in those experiments. 
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Thus, our experiments were designed to isolate lipid-soluble antioxidants and 
phenolics from isolated fruit cuticle and measure their antioxidant activities in a model 
system. 
Materials and Methods 
Plant material 
Two scald susceptible cultivars, 'Delicious' and 'Cortland', and two scald 
resistant cultivars, ' Empire' and 'Golden Delicious', were used for this experiment. 
Six trees ( replicates ) from each cultivar were selected at the University of 
Massachusetts Horticultural Research Center, in Belchertown. Fruit were harvested 
before the climacteric rise according to ethylene measurement. Harvest date for 
'Cortland' was on 14 September, 'Empire' on 21 September, 'Delicious' on 28 
September, and 'Golden Delicious' on 4 October, 1995. Twelve fruit from each tree 
were used for analysis except as otherwise described. 
Collection of cuticular wax without damaging epidermal cells 
Fruit were washed with methanol-water-HCl ( 0.5:1:0.01) solution twice to 
remove any contamination on the fruit surface. After drying at room temperature, 
wax on the cuticle was scraped off with a knife. Scraping was carefully done to make 
sure there was no damage to the epidermal cells underneath the cuticle ( No browning 
developed at the scraping site after 24 hours ). The wax was collected, weighed and 
dissolved in HPLC grade hexane, and no residue remained ). The hexane containing 
wax was diluted with an equal amount of methanol-water-HCl ( 1:1:0.02 ) to form a 
two phase system, hexane and methanol-water, and allowed to separate in a 
separatory funnel. The methanol-water layer was collected as solution I. The hexane 
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layer was washed with 1 % HC1 twice. Solution I and the 1 % HC1 wash then were 
combined and concentrated under reduced pressure. Free phenolics in the concentrate 
were purified using silica gel ( activated at 120°C for 18 h before packing ) column 
chromatography equipped with a UV detector ( Ritriever II, Isco, USA ). The column 
was washed with hexane to elute wax contaminants and then with methanol 
(containing 1 % HC1) to elute phenolics. Total phenolics were measured by the Folin- 
Ciocalteu procedure ( Singleton and Rossi, 1965 ) with some modification. One ml of 
methanol solution was mixed with 4 ml of 95% ethanol. To each sample was added 1 
ml of 50% Folin-Ciocalteau reagent. After 5 min, 2 ml of 5% Na^Oj was added. 
The solution was mixed thoroughly and allowed to stand for 60 min. The reaction was 
measured with a spectrophotometer (PMQII, Carl Zeiss Oberkochen/Wurtt, Germany) 
at 725 nm with 95 % ethanol as blank. Standard curves were established for each 
experiment using various concentrations of gallic acid in 95 % ethanol. Absorbance 
values were converted to /xg of gallic acid equivalent per gram of dry cuticle. 
Isolation of fruit cuticle 
Isolation of fruit cuticle followed the method of Charnel ( 1983, 1984 ) with 
modification. Fruit were peeled after harvest and put into a freezer immediately. 
Frozen fruit peels were warmed at room temperature. The flesh on fruit peel was 
scraped off gently with a knife and the peels then were washed with distilled water. 
The clean fruit peels were cut by using a cork bore with radius of 0.4 cm. The peels 
thus obtained, with an area of 0.5 cm2, were incubated in methanol-water-HCl 
(0.5:1:0.01) solution for 5 min to extract the phenolics in cells of fruit peel. After 
washing with distilled water, the peels were put into an enzyme solution which 
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contained 2% (v/v ) pectinase (365 unit ml"1), 1% ( w/v ) cellulase (9.8 unit ml'1 ), 
and 0.05 % pectin lyase (125 unit * ml*1) ( Sigma, USA ) in acetate buffer at pH 4. 
After incubation at 35°C for 48 h with constant shaking, the peels were taken out and 
remaining epidermal remnants attached to the liberated cuticular membranes were 
removed by careful brushing. The liberated cuticles were incubated again in a new 
enzyme solution ( with the same enzyme concentration ) for another 48 h and the 
remaining epidermal remnants were removed by brushing again. Samples were 
examined under a microscope to make sure there were no epidermal cells attached to 
the cuticular membrane. The cuticular membranes were washed with distilled water 
and then with 1 % HC1 solution to make sure there were no phenolic contaminations 
from the epidermal cells. The cuticles finally were dried at 35°C and stored in a 
refrigerator. 
Isolation and measurement of phenolics in fruit cuticle 
Free phenolics in fruit cuticle were extracted by two steps. First, fruit cuticle was 
extracted with hexane twice. The residue then was extracted with methanol 
(containing 1 % HC1) twice to produce solution I. The hexane extracts were combined 
and then diluted with an equal volume of methanol-water-HCl ( 1:1:0.02 ) to form a 
two phase system, hexane and methanol-water. The two phases were allowed to 
separate in a separatory funnel. The hexane layer containing wax was washed with 
1 % HC1 twice. The hexane layer was condensed under reduced pressure and used for 
lipid-soluble antioxidant measurement. The methanol-water layer and 1 % HC1 wash 
were combined to form solution II. Solutions I and II were combined and 
concentrated under reduced pressure. Free phenolics in the concentrate were purified 
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by silica gel column chromatography equipped with a UV detector ( Ritriever II, Isco, 
USA ). The column was washed with hexane to remove wax contaminants and then 
with methanol to elute phenolics. Free phenolics were measured with Folin-Ciocalteu 
method. 
The residue from the above extraction was refluxed for 12 h in oxygen-free 
aqueous potassium hydroxide (3% w/v ) to release the bound phenolics in cuticle. 
The released phenolics were recovered in ether after acidification with 10% HC1 
(Huelin and Gallop, 1951; Baker, et al., 1982 ) and measured with the Folin- 
Ciocalteu procedure. 
Antioxidant activity of diphenylamine and phenolics from fruit .cuticle in .linoleic acid 
system 
Antioxidant activities of diphenylamine and phenolics from fruit cuticle were 
determined by monitoring the inhibition of linoleate oxidation according to the 
methods of McKersie et al. ( 1982 ) and Barden and Bramlage ( 1994 ) with some 
modification. The oxidation of linoleate was catalyzed by Fe2+-EDTA in an emulsion 
containing 3 ml of 0.02 M KH2P04, pH 7.0, 0.2 ml of 0.2 M linoleic acid in 
methanol, and 1.6 ml of 0.5 M Fe2+-EDTA at 37°C. Phenolics in methanol from the 
column isolation were dried under low pressure and redissolved in ethanol. After 
adding linoleic acid and KH2P04, an aliquot of antioxidants ( usually 0.2 ml of 
ethanol phenolic extracts, with 5 /xM equivalent of gallic acid in the final solution, or 
standard phenolics and diphenylamine at 5 /xM in the final solution ) was added to the 
emulsion. In the control ( control I), an equal amount of ethanol was added instead of 
antioxidants. The reaction was initiated by the addition of 1.5 ml of 0.5 M FeS04- 
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EDTA. Samples were incubated at 37°C for 1 h. To clear the emulsion, 2 ml of 0.1 
M NaOH were added. Absorbance at 232 nm was read on a UV spectrophotometer ( 
Model 200, Perkin-Elmer, Hitachi, Japan ) to measure conjugated dienes produced in 
this system. Since phenolics and diphenylamine also have absorption at 232 nm, the 
tube without linoleic acid but with phenolics or diphenylamine was used for 
adjustment ( control II). The absorption of the linoleic acid system with antioxidants 
was calculated first by subtracting absorption of the control II, then the activity of 
antioxidants was reported as percentage inhibition of linoleic acid oxidation compared 
with control I. 
Measurement of lipid-soluble antioxidant activity from fruit peel and fruit cuticle 
To separate the different sources of lipid-soluble antioxidants, fruit peel and fruit 
cuticle from the same fruit were used. From each of 12 fruit in each replicate, two 20 
cm2 samples of peel were removed with a cork bore. One sample was for cuticle 
isolation and the other was for extraction of peel. The 12 samples per lot of fruit were 
combined for extraction or for cuticle isolation and then extraction. Lipid-soluble 
antioxidants in fruit peel or fruit cuticle were extracted with HPLC grade hexane. 
Aliquots of 250 ul of hexane extract were dried in air and redissolved in 1 ml of 
ethanol. To the model system, 0.1 ml of ethanol solution was added and antioxidant 
activities were measured by the same procedure as described above. 
Data were subjected to analysis of variance and regression, using the SAS 
Statistical software ( SAS Institute Inc., Cary, NC ). 
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Results 
Phenolics in cuticular wax 
Small amounts of phenolics were detected in fruit cuticular wax of all four 
cultivars (Fig. 4.1). Phenolics detected in 'Golden Delicious' were highest among the 
four cultivars. 'Empire' contained less phenolics than 'Delicious' and 'Golden 
Delicious', but more than 'Cortland'. 
Phenolics in fruit cuticle 
Compared with cuticular wax, isolated cuticle contained more free phenolics (Fig. 
4.2). 'Golden Delicious' contained the highest, 'Delicious' and 'Empire' contained 
similar amounts, and 'Cortland' contained the lowest level of free phenolics among 
the four cultivars. Bound phenolics in cuticle isolated from the four cultivars were in 
the following order: 'Delicious'and 'Golden Delicious' > 'Empire' > 'Cortland'. 
Bound phenolic levels were about 4 to 5 fold higher than free phenolics in the four 
cultivars. Overall, fruit cuticle of 'Delicious' and 'Golden Delicious' contained 
equivalent amounts of phenolics, and these were higher than the total phenolics in 
'Empire' and 'Cortland'. 
Antioxidant activities of phenolics in fruit cuticle 
Free phenolics in fruit cuticle of the four cultivars displayed relatively high 
antioxidant activity (Fig. 4.3). The bound phenolics also possessed antioxidant 
activity when released by chemical methods. However, there were no significant 
differences in antioxidant activities of free and bound phenolics among the four 
cultivars. 
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Among the standard chemicals, diphenylamine had the highest antioxidant 
activity, followed by quercetin, gallic acid, and a-tocopherol (Table 4.1 ). Compared 
with the standards, antioxidant activity of free phenolics from 'Delicious' was similar 
to that of quercetin, while antioxidant activity of bound phenolics was equivalent to 
that of gallic acids. 
Lipid-soluble antioxidants in fruit peel or fruit cuticle 
Both fruit cuticle and fruit peel contained lipid-soluble antioxidants ( Fig. 4.4 ). 
However, the antioxidant activities in fruit cuticle of the four cultivars only 
accounted for about 10-15% of the total activity in fruit peel. Among the four 
cultivars, lipid-soluble antioxidant activities in fruit peel were higher in 'Golden 
Delicious' and 'Empire' than that in 'Cortland', which in turn, was higher than that in 
'Delicious'. In fruit cuticle, there were no differences in antioxidant activity among 
the four cultivars. 
Discussion 
Our results on lipid-soluble antioxidant activity in fruit peel of 'Delicious' and 
'Cortland' were similar to the results obtained by Barden and Bramlage ( 1994b ). 
However, only about 10-15% of the total lipid-soluble antioxidant activity was 
detected in fruit cuticle of the four cultivars, which means epidermal and hypodermal 
cells contain about 80-90% of the total antioxidant activity. There were no significant 
differences in lipid-soluble antioxidants in fruit cuticle of the four cultivars at harvest 
although the scald susceptibilities of 'Delicious' and 'Cortland' were higher than that 
of 'Golden Delicious' and 'Empire'. These results indicated that lipid-soluble 
antioxidants in fruit cuticle probably did not play roles as important as it played in 
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living cells. In epidermal and hypodermal cells, the scald susceptible cultivar, 
'Delicious', contained a lower level of lipid-soluble antioxidants than the scald 
resistant cultivars, 'Golden Delicious' and 'Empire'. However, the lipid-soluble 
antioxidants in another scald susceptible cultivar, 'Cortland', were similar as those in 
'Empire', although they were lower than those in 'Golden Delicious'. No clear 
correlation between lipid-soluble antioxidant contents and scald susceptibility can be 
obtained from these data. However, care should be taken in interpreting these data 
with the different cultivars. Although the fruit were harvested before their climacteric 
rise according to ethylene measurement, it was very difficult to get fruit with exactly 
the same maturity from different cultivars, and fruit maturation had significant effects 
on contents of lipid-soluble antioxidants in apples (Barden and Bramlage, 1994b ). 
Nevertheless, the high level of lipid-soluble antioxidants in epidermal and hypodermal 
cells comparing with that in fruit cuticle indicated that these antioxidants might be 
more important in preventing membrane oxidation in living cells than in inhibiting a- 
famesene oxidation in fruit cuticle. 
Anet ( 1974 ) noticed that many phenolic compounds which would be expected to 
have antioxidant activity were known to occur in apples. However, he did not think 
phenolics could play a significant role in inhibiting a-famesene oxidation since he 
believed phenolics occurred almost exclusively in the aqueous phase. Our results 
showed that phenolics also existed in fruit cuticle, either in free form or bound form. 
If there was any contamination with the cuticle isolation procedure, the wax scraped 
from cuticle should be free from any contamination, and phenolics were detected 
from all four cultivars by this method. 
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Then the question is, how can these hydrophilic materials exist in a so called 
'lipophilic' environment ? Actually, fruit cuticle is not an uniformly lipophilic 
domain. Plant cuticle can be roughly divided into three layers. The outermost is a thin 
layer, which contains predominantly wax. The second layer contains cutin embedded 
with wax, and possibly some carbohydrate polymers like cellulose. The third layer is 
a mixture of cutin, wax, carbohydrate polymers and pectin, possibly with very small 
amounts of protein. Underneath the cuticle will be the pectin layer, called middle 
lamella, and the cell wall ( Kolattukudy, 1980; Holloway, 1982; Holloway, 1993 ). 
Although there are no definite divisions among these layers, at least the second and 
the third layer are not absolutely lipophilic because of the existence of pectin and 
carbohydrate polymers. Some hydrophilic areas might exist within those layers. 
Secondly, cutin is not totally hydrophobic because of the existence of free hydroxy 
groups in its structure. Phenolics has been proposed to be part of the cutin structure ( 
Riley and Kolattukudy, 1975; Kolattukudy, 1980 ). Thirdly, relatively large amount 
of free fatty acid, free alcohol, and ursolic acid have been detected in fruit cuticle ( 
Baker, 1982 ). They are dipoles in structure and can be used as emulsifying agents, 
which means that cuticle might share some similarity with a water-in-oil emulsion 
system. Also, phenolics are not all hydrophilic, and some might be very lipophilic. 
For example, a-tocopherol is lipophilic, and also is a typical phenolic according to its 
structure. Further, lenticels are usually covered by more or less suberized peridermal 
cells, which causes the dotted or russeted look of the fruit peel ( Pratt, 1988 ). 
Further, phenolics are major components of suberin ( Kolattukudy, 1980; Holloway, 
1992 ). Accumulation of phenolics in fruit cuticle might be influenced by the presence 
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of suberized peridermal cells. This can explain why 'Golden Delicious' fruit 
contained more phenolics in cuticle than the other cultivars, since they have lenticels 
with more suberin accumulation and develop more russetting than the other cultivars. 
In the linoleic acid emulsion system, diphenylamine displayed the highest and a- 
tocopherol the lowest antioxidant activity. Among the phenolics tested, the antioxidant 
activity was in the following order: flavonoids > simple phenolic acids > a- 
tocopherol, which was similar to the results from other sources of phenolics ( Foti et 
al., 1996; Teissedre et al., 1996 ). It is very interesting that a-tocopherol usually is a 
powerful antioxidant, but its activity was lower than that of the phenolics and 
diphenylamine in this experiment. A similar phenomenon was reported by Kanner et 
al. ( 1994 ). This could be due to the presence of iron or copper salt, since a- 
tocopherol might act as pro-oxidants under this condition (Jung and Min, 1990 ). By 
comparing the antioxidant activity of lipophilic a-tocopherol and hydrophilic ascorbic 
acid in two different systems, oil-in water and bulk oil, Frankel et al. ( 1994 ) found 
that the antioxidant activity varied according to the environment. In the bulk oil, the 
hydrophilic antioxidants were more protective by being accumulated in the air-oil 
interface, while the lipophilic antioxidants apparently were less effective by remaining 
in oil solution. In contrast, in the oil-in-water emulsion system, lipophilic antioxidants 
were sufficiently surface active to be oriented in the oil-water interface to better 
protect oil against oxidation. This could be the reason why diphenylamine displayed 
highest activity in linoleic acid system we used. The interface theory could be applied 
to the phenomenon in fruit cuticle and in living cells. The co-existence of lipophilic 
wax, emulsifier ( free fatty acids, free alcohols, or ursolic acids ), and hydrophilic 
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polymers ( cutin, carbohydrate polymer, pectin, proteins etc.) makes the cuticle a 
kind of water-in-oil emulsion system. In this system, hydrophilic antioxidants like 
phenolics might be more easily oriented and concentrated on the water-oil interphase 
than the lipophilic antioxidants, so as to be more important in preventing a-famesene 
oxidation. On the other hand, membrane in living cells is a typical oil-in-water 
system, so lipid-soluble antioxidants might be more active in protecting membrane 
from oxidation damage than the hydrophilic antioxidants. In the linoleic acid system, 
phenolics reached maximum antioxidant activity at about 10 pM ( 1.7 pg g'1 of gallic 
acids or 3 pg g'1 of quercetin ), which was below the range ( 8-45 pg g'1 ) of free 
phenolic concentration in fruit cuticle. Thus, hydrophilic antioxidants like phenolics 
probably are more important in inhibiting a-famesene oxidation than the lipophilic 
antioxidants in fruit cuticle of apples. 
Phenolics were abundant in fruit peel of apples ( Oleszek et al., 1989a; Burda et 
al., 1990; Ju et al., 1995 ). Compared with free phenolics in fruit cuticle ( 8-45 pg * 
g'1 cuticle ), epidermal and hypodermal cells contained far more free phenolics ( about 
10 mg 'g*1 fresh weight of fruit peel (Ju et al., 1996)). Phenolics in fruit peel were 
proposed to be related to scald susceptibility of apples ( Duvenage and De Swardt, 
1973; Piretti et al., 1994 ). Simple phenols in fruit peel at harvest were positively 
correlated with scald development. Both simple phenols and flavonoids contributed to 
tissue browning, with simple phenols initiating the oxidation and then producing the 
brown color with flavonoids by polymerization ( Oleszek, et al., 1989b; Ju et al., 
1996 ). These results seem contradictory to the role of phenolics as antioxidants in 
fruit cuticle. However, same chemicals could display different functions according to 
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the environment they encountered. In epidermal or hypodermal cells, both phenolics 
and enzymes catalyzing phenolic oxidation, like polyphenol oxidase or peroxidase, 
co-exist but are distributed separately ( Richardson and Hyslop, 1985 ). Once this 
distribution is disrupted, enzyme catalyzed oxidation and tissue browning will 
proceed. Fruit containing higher simple phenols and flavonoids at harvest were more 
susceptible to scald (Ju et al., 1996 ). In fruit cuticle, on the other hand, oxygen 
concentration should be lower, and enzymes like polyphenol oxidase and peroxidase 
levels might be lower, if present at all, than those in living cells. Under this 
condition, phenolics probably would be more likely to act as antioxidants than as pro- 
oxidants. Thus, phenolics might have two different effects on scald. They will 
increase fruit susceptibility when present in cells of fruit peel by increasing the 
potential of tissue browning. On the other hand, they will increase fruit resistant to 
scald when present in fruit cuticle by inhibiting a-famesene oxidation. 
However, there was no clear correlation between phenolics in cuticle and scald 
resistance in apples. Although the resistant cultivar 'Golden Delicious' contained the 
highest and the susceptible cultivar 'Cortland' contained the lowest free or bound 
phenolics, another susceptible cultivar 'Delicious' contained the same amount of 
phenolics as the highly resistant cultivar 'Empire'. This indicated that scald 
development is a complex process and could be affected by many factors. Since the 
lipid-soluble antioxidant activity in epidermal and hypodermal cells of 'Delicious' was 
much lower than that of other three cultivars, a good correlation between antioxidant 
activity and scald resistance is obtained if we use the total antioxidant activity to 
represent the sum of lipid-soluble antioxidants in fruit peel and water-soluble 
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antioxidants in fruit cuticle. Among the four cultivars, the total antioxidant activity 
was in the order: 'Golden Delicious' > 'Empire' > 'Delicious' > 'Cortland', which 
was very similar to their behavior in scald resistance, which indicated that 
antioxidants from both cuticle and epidermal and hypodermal cells might contribute to 
the scald resistance of apples, with the former inhibiting a-famesene oxidation in 
cuticle and the latter protecting membranes from oxidation in epidermal and 
hypodermal cells. 
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CHAPTER V 
PHENOLICS AS ANTIOXIDANTS IN FRUIT CUTICLE AND THEIR 
RELATIONSHIP WITH SCALD RESISTANCE OF DELICIOUS' APPLES 
Abstract 
Free phenolics were detected in cuticle from fruit of different maturities and fruit that 
had been treated with AVG or ethephon. Advanced maturity or ethephon treatment 
increased, and AVG treatment decreased, free phenolics in fruit cuticle. Free phenolics 
increased during early storage except in AVG-treated fruit. Overall, free phenolics in 
fruit cuticle negatively correlated with formation of conjugated trienes ( CT ) and scald 
susceptibility of apples. In a hexane solution, 4 pM diphenylamine, 4 pM gallic acid or 4 
pM phenolics from fruit cuticle inhibited a-famesene oxidation by 52%, 78% and 85%, 
respectively, while lipid-soluble antioxidants from fruit cuticle ( with no a-famesene 
accumulation ) had no effect on a-famesene oxidation. Neither fruit maturation nor 
treatment with AVG or ethephon affected bound phenolics or lipid-soluble antioxidants 
in fruit cuticle significantly. Both bound phenolics and lipid-soluble antioxidants 
remained constant during storage. The results indicated that free phenolic accumulation 
in fruit cuticle was regulated by ethylene, and that free phenolics played a critical role in 
preventing a-famesene oxidation and scald development of apples. 
Key words: 
Phenolics, antioxidants, fruit cuticle, superficial scald, apple. 
Introduction 
Superficial scald of apples is associated with autoxidation of a-famesene, formation 
of free radicals and accumulation of conjugated trienes ( CT ) in fruit cuticle ( Anet, 
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1969; Du and Bramlage, 1993, 1994, Whitaker et al., 1997 ). Antioxidants like 
diphenylamine significantly inhibit a-famesene oxidation and reduce scald development 
when applied by fruit dipping ( Meigh and Filmer, 1969; Huelin and Coggiola, 1970; 
Anet and Coggiola, 1974 ), and high lipid-soluble antioxidant activities were detected in 
fruit peel of apples ( Anet, 1974; Meir and Bramlage, 1988; Gallerani et al., 1990; 
Barden and Bramlage, 1994a, b ). However, we ( Chapter IV ) found that only 10-15% 
of the lipid-soluble antioxidant activity was detected in fruit cuticle where the major 
accumulation of a-famesene occurred. Nevertheless, phenolics were detected in fruit 
cuticle and they displayed high antioxidant activity in a linoleic acid system. Since fruit 
cuticle is composed of lipophilic wax, but also hydrophilic pectin, polycarbohydrates 
along with emulsifiers like fatty acids and ursolic acids, we proposed that fruit cuticle 
was more like a water-in-oil emulsion than a totally lipophilic domain ( Chapter IV ). In 
this environment, hydrophilic antioxidants like phenolics may be more important in 
inhibiting a-famesene oxidation than the lipophilic antioxidants. 
Fruit maturity is a major factor that affects scald susceptibility of apples (Anet, 
1972; Ingle and D'Souza, 1988, Barden and Bramlage, 1994a, b ). Ethylene plays critical 
roles in determining scald development in apples, and inhibition of ethylene 
concentrations in fruit by preharvest aminoethoxyvinylglycine ( AVG ) treatment plus 
storage in a low-ethylene room inhibited scald development, while promotion of it by 
ethephon preharvest treatment also reduced scald incidence of apples ( Chapter III). 
Phenolics, including anthocyanin, in fruit peel are regulated by ethylene ( Duvenage and 
De Swardt, 1973; Burda et al., 1990; Saure, 1990; Ju, et al., 1995, 1996 ). Ethylene 
might regulate phenolics in fruit cuticle as well, and thus influence scald development. 
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This experiment was designed to analyze phenolics in fruit of different maturities and 
fruit with AVG or ethephon treatment and to study the relationships among phenolic 
accumulation, a-famesene oxidation and scald susceptibility of T)elicious' apples. 
Materials and Methods 
Experiments were designed and conducted at the University of Massachusetts 
Horticultural Research Center, in Belchertown. 
In 1994, four two-tree plots ( replicates ) in a block of mature Delicious' trees were 
selected for use. Two hundred and thirty fruit were harvested from each plot on 28 
September and 19 October, respectively. Ten of the fruit were used for maturity 
evaluation, ten for internal ethylene measurement and then for a-famesene and 
conjugated trienes ( CT ) extraction, and another ten for phenolic analysis and lipid- 
soluble antioxidant measurement. The rest of the fruit were put in air storage at 0°C. 
Ethylene, a-famesene, CT, phenolics and lipid-soluble antioxidants were measured after 
15 and 25 weeks of storage, and scald was evaluated after 25 weeks of storage plus 7 
days at 20°C. 
The experiment was repeated in 1996, except that a harvest on 7 September was 
included along with one on 28 September ( mature ) and on 19 October ( overmature ), 
and six replicates were used in this experiment. Samples were assayed at 0, 15 and 22 
weeks of storage and scald was evaluated after 22 weeks of storage plus 7 days at 20°C. 
In 1995, the AVG and ethephon experiments were carried out as previously 
described ( Chapter III ). Eighteen Delicious' trees were randomly divided into three 
groups. One group received 220 mgT1 AVG on 12 September, one received 200 mgT1 
ethephon on 19 September, and the third group without treatment served as control. 
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Four hundred fruit from each tree ( replicate) were harvested on 28 September. Half of 
the AVG treated fruit were stored in a low-ethylene room at 0°C, and the other half were 
put in a commercial storage room together with ethephon treated and control fruit at 
0°C. Ethylene, a-famesene, CT, phenolics and lipid-soluble antioxidants were analyzed 
at harvest, and after 3 and 6 months of cold storage. Scald was evaluated after 5 and 6 
months of storage following 7 days at 20°C. 
a-Famesene and CT were measured and scald was evaluated according to Du and 
Bramlage ( 1994 ). Fruit cuticle was isolated and phenolics in cuticle were isolated and 
measured according to the procedure described in Chapter HI. Methods described in 
Chapter IV were used for fruit cuticle isolation, phenolics measurement, lipid-soluble 
antioxidants extraction and lipid-soluble antioxidant activity measurement in a linoleic 
acid system. 
In 1996, inhibition of a-famesene oxidation in vitro by standard phenolics or free 
phenolics from cuticle was measured by the methods of Huelin and Coggiola ( 1968 ) 
with some modification. Thirty fruit harvested on 28 September were washed with 
methanol to remove contaminations and then were extracted with 500 ml of HPLC grade 
hexane individually and in sequence for 30 seconds each. Absorbance showed only one 
peak around 232 nm, indicating presence of a-famesene in the extract. The extract was 
purified on a Florisil column. A 2 cm I. d. glass tube was packed with 10 g of 60-100 
mesh Florisil ( Sigma, USA ). An aliquot ( 50 ml ) of the extract was loaded onto the 
column and the eluate with 232 nm absorption was collected. The column was washed 
with about 50 ml of hexane until no 232 nm absorption was detected in the eluate. Since 
diphenylamine was effective in inhibiting a-famesene oxidation in hexane solution and in 
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fruit dipping ( Huelin and Coggiola, 1968; 1970 ), it was also included in the experiment. 
Thus, treatments included a-famesene alone, a-famesene plus diphenylamine, a- 
famesene plus standard gallic acid, a-famesene plus phenolics from fruit cuticle which 
were isolated by using the procedure described previously ( Chapter IV ), and a- 
famesene plus lipid-soluble antioxidants from fruit cuticle which were isolated from 
preclimacteric fruit that contained no measurable a-famesene. Bottles with 100 ml 
volume were used in these tests. Each bottle contained 15 ml of purified hexane extract 
diluted 20 times plus 5 ml of test antioxidants dissolved in ethanol. The ultimate 
concentrations of diphenylamine and phenolics in the mixed solution were 4 pM. A blank 
( 10 ml of hexane plus 5 ml of antioxidant of the same concentration ) was used to 
correct for any effects of added antioxidants on the measurement. Each treatment 
contained 3 replicates of fruit. The bottles were sealed and put at 25°C for 4 months in 
darkness. Bottles were opened and resealed every month to replenish oxygen in the 
bottles. The formation of CT in the solution was measured by a UV spectrophotometer 
(Model 200, Perkin-Elmer, Hitachi, Japan ) at 281 nm after 4 months of storage. The 
absorbances of the a-famesene solutions containing diphenylamine or phenolics were 
corrected by subtracting the absorbance of the corresponding blanks. 
Data were subjected to analysis of variance, and pooled data were used to analyze 
correlations, using the SAS Statistical Software ( SAS Institute, Cary, NC ). 
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Results 
Fruit maturation, a-famesene accumulation and oxidation, and scald development of 
Delicious* apples from different harvest dates. 
Data from 1994 and 1996 followed the same trends, so only the data from 1996 are 
presented in Table 5.1. According to internal ethylene and starch score, fruit from the 
first harvest were immature, those from the second harvest were mature, and those from 
the third harvest were overmature, which we designated as late-harvested fruit to 
distinguish them from fruit of the other two harvests. Delay of harvest significantly 
increased fruit maturity, and reduced CT281 formation and scald incidence. a-Famesene 
accumulation was higher at harvest in the late harvested fruit, but overall, there were no 
differences in a-famesene accumulation during storage among the three harvests. 
Internal ethylene, a-famesene and CT281 concentrations increased during cold storage. 
The accumulation of internal ethylene and a-famesene showed quadratic increases, 
while accumulation of CT281 showed a linear increase. 
Interactions between harvest dates and storage times were not significant for 
ethylene and a-famesene, but significant for CT281 accumulation. All followed in the 
same trends, in that the early harvested fruit accumulated the most and late harvested 
fruit accumulated the least CT281 at the end of storage ( Table 5.1 ). 
Free and bound phenolics in cuticle of fruit with different maturity. 
During fruit maturation, both bound and free phenolics increased in fruit cuticle ( Fig. 
5.1, 5.2 ). Compared with immature fruit, free phenolics had increased by about 80% in 
mature fruit, and by about 230% in late harvested fruit (Fig. 5.1 ). Advanced fruit 
maturation also increased bound phenolic contents in fruit cuticle (Fig. 5.2 ). During 
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cold storage, free phenolics in fruit cuticle increased significantly in early storage, then 
remained constant ( Fig. 5.1 ). There were no changes in bound phenolics in fruit cuticle 
during storage ( Fig. 5.2 ). 
Effects of ethephon and AVG treatments on phenolic contents in cuticle 
Ethephon treatment increased and AVG treatment decreased free and bound 
phenolics in cuticle compared with the control (Fig. 5.3, 5.4 ). During cold storage, free 
phenolics in cuticle increased in ethephon and control fruit in early storage, but did not in 
AVG-treated fruit ( Fig. 5.3 ), whether the fruit were stored in a commercial room or in 
a low-ethylene room. Bound phenolics in fruit cuticle remained unchanged in all fruit 
during storage ( Fig. 5.4 ). 
Effects of ethephon and AYG treatmgnts..QO a-famesene oxidation in fruit cuticle 
Compared with the control, ethephon treatment did not increase a-famesene 
accumulation but reduced CT accumulation ( Table 5.2 ). Effects of AVG on CT 
accumulation depend on the storage condition. If stored in low-ethylene room, both a- 
famesene accumulation and CT formation were very low. If stored in a commercial 
room, however, there were no difference in a-famesene accumulation and CT formation 
between AVG-treated and control fruit. 
Inhibition of a-famesene oxidation by free phenolics from cuticle and diphenvlamine in 
hexane-ethanol solution 
After 4 months of storage at 25°C, CT281 increased significantly in the hexane- 
ethanol solution containing a-famesene (Fig. 5.5 ). Diphenylamine reduced CT281 
formation by 52%. Gallic acid and free phenolics reduced CT281 production by 78% and 
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85 %, respectively. However, lipid-soluble antioxidants failed to protect a-famesene 
from oxidation at the active concentration in the linoleic acid system. 
Inhibition of linoleic acid oxidation bv lipid-soluble antioxidants from fruit cuticle 
There were no significant differences in lipid-soluble antioxidant activity in fruit 
cuticle among the fruit from different harvested dates, or among the AVG, ethephon- 
treated and control fruit (Fig. 5.6, 5.7 ).They remained relatively constant during cold 
storage. 
Discussion 
Our results were in accordance with reports from other experiments that CT 
accumulation was significantly lower in late harvested fruit than that in early harvested 
fruit ( Huelin and Coggiola, 1970; Anet, 1972; Meir and Bramlage, 1988; Barden and 
Bramlage, 1994 ) and that there were no differences in a-famesene levels among fruit 
from different harvests during storage. We also found that ethephon-treatment did not 
increase a-famesene accumulation, but reduced CTs formation compared with the 
control. These frets indicated involvement of an a-famesene oxidation inhibitor during 
storage. If there were no inhibitor, CT formation would be a-famesene concentration 
dependent. Since a-famesene was accumulated primarily in fruit cuticle ( Murray, et al., 
1964; Huelin and Murray, 1966 ), this factor had to be located within fruit cuticle, if it 
did exist. 
Although lipid-soluble antioxidants in fruit peel at harvest were associated with scald 
susceptibility of apples ( Anet, 1972; Meir and Bramlage, 1988; Gallerani et al., 1990; 
Barden and Bramlage, 1994 ), there was no direct correlation between lipid-soluble 
antioxidants in fruit cuticle and scald susceptibility. Activities of lipid-soluble 
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antioxidants in fruit cuticle were relatively low at harvest and constant during storage, 
and they were not affected by fruit maturity or by ethephon or AVG treatments. 
On the other hand, phenolics might be important in inhibiting a-famesene oxidation 
in fruit cuticle. First, free phenolics were detected in cuticle from fruit with different 
maturity or with AVG and ethephon treatment, both at harvest and during storage. 
Secondly, delay of harvest or ethephon preharvest treatment increased phenolics in fruit 
cuticle and reduced CT accumulation. While AVG treatment decreased phenolics in fruit 
cuticle, it increased CT formation when stored in a commercial room where ambient 
ethylene and a-famesene accumulation were high. Overall, phenolics in fruit cuticle were 
negatively correlated ( r=0.833 ) with CT formation. Further, free phenolics from fruit 
cuticle were more effective than diphenylamine in inhibiting a-famesene oxidation and 
CT formation in a hexane solution, results that were similar to those from other 
experiments ( Anet, 1970; Anet and Coggiola, 1974 ). Although their antioxidant 
activities in vivo still need to be confirmed, it is likely that free phenolics are involved in 
protecting a-famesene from oxidation in fruit cuticle, and thus in reducing scald 
development of apples. 
In a hexane system, Anet ( 1970 ) found that 8 pM diphenylamine inhibited a- 
famesene oxidation completely. Since 8 pM is high enough to inhibit a-famesene 
oxidation totally in the system, any differences among other antioxidants might be 
difficult to reveal, if there were any. Therefore, 4 pM concentrations of antioxidants 
were used in our experiment. Results showed that 4 pM diphenylamine (lipophilic 
antioxidant) only inhibited about 55% of the a-famesene oxidation, while 4 pM gallic 
acid or phenolics from fruit cuticle ( hydrophilic antioxidants ) reached 82% and 86% 
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inhibition. This is similar to the findings that 2,6-di-t-butyl-p-cresol ( BHT ) and t-butyl- 
4-methoxyphenol ( BHA ) or other phenolics were more effective in inhibiting a- 
famesene oxidation than diphenylamine in a hexane system ( Anet and Coggiola, 1972 ). 
Further, we found that lipid-soluble antioxidants failed to protect a-famesene from 
oxidation in a hexane-ethanol system with the same concentration that was active in a 
linoleic acid system. Overall, the above findings support the hypothesis that hydrophilic 
antioxidants are more protective than lipophilic antioxidants in bulk oil ( Frankel et al., 
1994 ). In this system, it is expected that the hydrophilic antioxidants will be more 
effectively accumulated in the air-oil interphase while the lipophilic antioxidants will be 
distributed evenly in the oil solution. Fruit cuticle was proposed to be similar to a water- 
in-oil (bulk oil) emulsion (Chapter IV). If this assumption were established, phenolics 
would be expected to be oriented on the interphase while lipid-soluble antioxidants 
would distribute evenly in the wax phase. Thus, phenolic antioxidants will be expected to 
be more active than lipid soluble antioxidants in inhibiting a-famesene oxidation in 
cuticle. 
However, diphenylamine was effective while phenolics were not, in protecting apples 
from scald, no matter if it was by fruit dipping or by injection into the fruit core ( Anet 
and Coggiola, 1974 ). This could be due to the different permeability of fruit cuticle to 
the different antioxidants. Fruit cuticle, especially the outer layer, is dominantly 
composed of wax, which is permeable to lipophilic antioxidant but not permeable to 
hydrophilic antioxidants. Thus, phenolics probably failed to inhibit scald not because they 
were lacking antioxidant activity, but because of their failure in getting into the active 
sites. Even injected into fruit core, it would be very difficult for phenolics to move long 
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distances through symplast or apoplast to reach the fruit peel, considering their high 
activity towards other components like protein, amino acids, sugar, etc. ( Friedman, 
1996 ). 
In summary, our results support the following views: (1) Accumulation of free 
phenolics in fruit cuticle is regulated by ethylene. (2) Phenolic antioxidants are more 
effective and important than lipid-soluble antioxidants in inhibiting a-famesene oxidation 
in fruit cuticle. (3) The higher contents of phenolics in cuticle of fruit with advanced 
maturation or with ethephon treatment is one of the reasons for the increased scald 
resistance of Delicious' apples. 
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CHAPTER VI 
PHENOLICS, POLYPHENOL OXIDASE, AND LIPID-SOLUBLE ANTIOXIDANTS 
IN EPIDERMAL AND HYPODERMAL CELLS AND THEIR RELATIONSHIPS 
WITH SCALD SUSCEPTIBILITY OF DELICIOUS' APPLES 
Abstract 
Phenolic contents, polyphenol oxidase ( PPO ), and lipid-soluble antioxidant activity 
in living cells of fruit peel ( mostly epidermal and hypodermal cells with some cortex 
cells ) were analyzed in fruit of different maturities and fruit with preharvest AVG or 
ethephon treatment. Phenolic contents and PPO activity were higher in immature or 
AVG-treated fruit than those in mature or ethephon-treated fruit. Mature and ethephon- 
treated fruit contained more lipid-soluble antioxidant activity than the immature and 
AVG-treated fruit. During cold storage, phenolic contents and PPO activity increased 
early, but these decreased toward the end of storage. Lipid-soluble antioxidant activity in 
all fruit remained relatively constant in the early storage period, and decreased toward 
the end of storage. Phenolics in living cells at harvest correlated positively with scald 
susceptibility, and lipid-soluble antioxidant activity at harvest correlated negatively with 
scald susceptibility. There was no clear correlation between PPO activity and scald 
development in Delicious' apples. 
Key words: 
Phenolics, Polyphenol oxidase, Lipid-soluble antioxidants, superficial scald, apple. 
Introduction 
Superficial scald of apples is associated with autoxidation of a-famesene, formation 
of free radicals and accumulation of conjugated trienes ( CT ) in fruit cuticle ( Anet, 
94 
1969; Du and Bramlage, 1993, 1994 ). Once this oxidation process is initiated, 
membrane deterioration, cell damage and tissue browning may be induced in fruit peel 
(Bain, 1956; Bain and Mercer, 1963; Ju et al., 1996 ). Membrane deterioration is 
associated with lipid oxidations within membrane, and tissue browning is the result of 
phenolic oxidation. Thus, scald development involves at least three oxidation processes, 
oxidation of a-famesene in fruit cuticle, oxidation of membrane components, and 
oxidation of phenolics in living cells. Antioxidants like diphenylamine significantly inhibit 
a-famesene oxidation and reduce scald development when applied by fruit dipping 
(Meigh and Filmer, 1969; Huelin and Coggiola, 1970; Anet and Coggiola, 1974 ). High 
lipid-soluble antioxidant activities were detected in fruit peel of apples and were 
associated with scald resistance of apples ( Anet, 1974; Meir and Bramlage, 1988; 
Gallerani et al., 1990; Barden and Bramlage, 1994a, b ). However, we ( Chapter IV ) 
found that only 10-15% of the lipid-soluble antioxidant activity was detected in fruit 
cuticle. Lipid-soluble antioxidants in fruit cuticle were not affected by fruit maturity, 
ethephon or AVG treatment, and did not correlate with scald resistance of apples 
(Chapter V ). These results indicated that lipid-soluble antioxidants in cuticle probably 
were not as important as those in living cells of fruit peel in scald development. Since a- 
famesene accumulates mostly in fruit cuticle, lipid-soluble antioxidants are more likely to 
protect against membrane damage in living cells than to inhibit a-famesene oxidation in 
fruit cuticle. 
While scald is induced by a-famesene oxidation in fruit cuticle, the symptom is 
developed from phenolic oxidation and polymerization in living cells, especially 
epidermal and hypodermal cells. Phenolics are far more abundant in living cells ( Oleszek 
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et al., 1989; Burda et al., 1990; Nicolas et al., 1994; Ju et al., 1996 ) than in fruit cuticle 
( Ju et al., 1996; Chapter IV, V ). There are reports that phenolics in fruit peel were 
positively correlated with scald susceptibility of apple ( Duvenage and De Swardt, 1973; 
Piretti et al., 1994; Ju et al., 1996 ). However, phenolics are separated from enzymes like 
polyphenol oxidase ( EC 1. 14. 18. 1; PPO ) by compartmentalization in intact cells 
(Richardson and Hyslop, 1985; Ju and Zhu, 1988; Nicolas et al., 1994 ), thereby 
avoiding enzyme catalyzed oxidation. PPO in apple is a copper enzyme which catalyzes 
two different reactions in the presence of oxygen. One is the hydroxylation of 
monophenols to o-diphenols ( monophenolase activity ), the other is the oxidation of o- 
diphenols to o-diquinones ( diphenolase activity ). The quinones formed from these 
reactions are chemically active, and can react with other phenolics, proteins, amino acids, 
sugars etc. to form polymerized molecules which give the brown or black color ( Nicolas 
et al., 1994; Espin et al., 1995 ). Once membrane integrity is disrupted by whatever 
cause, tissue browning will be determined by three factors: phenolic contents, PPO 
activity, and antioxidant activity in living cells. 
In previous experiments ( Chapter III and V ), we found good correlation between 
fruit maturity and scald susceptibility in 'Delicious' fruit. Using the same samples, we 
analyzed for their phenolic contents, PPO activity and lipid-soluble antioxidant activity in 
cells of fruit peel. Some of the results are reported here. 
Materials and Methods 
Experiments were designed and conducted as described previously ( Chapter III and 
V ). The AVG and ethephon experiments were carried out in 1995 ( Chapter III ). 
Eighteen 'Delicious' trees were randomly divided into three groups with 6 replications in 
96 
each group. One group received 220 mgT1 AVG on 12 September, one received 200 
mgT1 ethephon on 19 September 1995, and the third group without treatment served as 
control. Four hundred fruit from each tree ( replicate) were harvested on 28 September. 
Half of the AVG treated fruit were stored in a nearly ethylene-free room ( no ethylene 
source except the AVG treated fruit themselves ) at 0°C, and the other half were put in a 
commercial storage room together with ethephon treated and control fruit at 0°C. 
Phenolics, PPO and lipid-soluble antioxidants were analyzed at harvest, and after 3 and 6 
months of cold storage. 
In 1996 ( Chapter V ), six one- or two-tree plots ( replicates ) in a block of mature 
Delicious' trees were used. Fruit were harvested from each plot on 7 and 28 September 
and 19 October, and stored in a commercial room at 0°C. Phenolics, PPO and lipid- 
soluble antioxidants were measured at harvest and after 15 and 22 weeks of storage. 
Phenolics in living cells ( mostly epidermal and hypodermal cells with a certain 
amount of cortical cells ) were measured and calculated by the following method. To 
separate cuticular phenolics from cellular phenolics, 10 g of fruit peel from 10 fruit in 
each replicate was divided equally into two portions. One portion was used for cuticle 
isolation and phenolic measurement, following the procedure described previously ( 
Chapter IV). Another portion was used for extracting and measuring total phenolics in 
fruit peel ( including cuticle and living cells). Since cuticular phenolics concentration 
was negligible compared with the high amount of cellular phenolics, cellular phenolics 
were extracted from fruit peel ( 100 g ) in 200 ml methanol ( containing 1% HC1). The 
extract was centrifuged at 5000 x g for 5 min. The supernatant was concentrated in 
vacuum to 50 ml and washed three times with hexane in a separatory funnel to remove 
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lipids, carotenoids and chlorophyll. The cleaned extract was used to measure 
anthocyanin concentration by the method of Siegelman and Hendricks ( 1958 ). Total 
phenolic concentrations ( including simple phenols, flavonoids and anthocyanin ) were 
determined by the method of Singleton and Rossi ( 1965 ). One ml of methanol elution 
was mixed with 4 ml of 95% ethanol and 1 ml of 50% Folin-Ciocalteau reagent. After 5 
min, 2 ml of 5% Na^Oj was added and the mixture was allowed to stand for 1 hr. The 
absorbance was measured by a UV spectrophotometer ( PMQII, Carl Zeiss 
OberkochenAVurtt, Germany) at 725 nm with 95% ethanol as blank and using gallic 
acid as standards. Since both simple phenol and flavonoids contribute to the tissue 
browning in living cells ( Ju et al., 1996 ) and might contribute to the antioxidant activity 
in fruit cuticle ( Chapters IV and V ), their concentrations were measured together, and 
were calculated by subtracting anthocyanin from the total phenolics. Here, we refer to 
them as "free phenolics". 
Lipid-soluble antioxidant activity was measured by a linoleic acid system ( Chapter 
IV). Activity of lipid-soluble antioxidants in living cells was calculated by subtracting 
activity in fruit cuticle from activity in whole fruit peel. 
PPO activity was determined as follows: Fruit peel was homogenized in a sodium 
phosphate buffer ( pH 7.0 ) with 1% ( w/v ) polyvinylpolypyrolidone ( PVP ) and 1 mM 
ascorbic acid. The extracts were centrifuged at 20000 g for 30 min. at 4°C. The 
supernatant was used to measure enzyme activity by the method of Rzepecki et al. ( 
1989 ) with some modification. Gallic acid was prepared with 0.2 M acetic acid to 
prevent oxidation during storage. L-proline as 0.5 M stock solution was prepared with 
0.1 M sodium phosphate buffer at pH 7.5. Three ml of reaction mixture contained 2.75 
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ml of 15 mM proline and 1 mM gallic acid in sodium phosphate buffer ( pH 6.5 ) and 
0.25 ml of enzyme solution. The mixture was incubated at 35°C for 10 min after adding 
enzyme solution and absorbance was measured at 525 nm by spectrophotometer ( PMQ 
H, Carl Zeiss Oberkochen/Wurtt, Germany ). Absorbance at 525 nm was corrected by 
absorbance from nonenzymatic oxidations in blanks. Protein was determined by the 
method of Bradford ( 1976 ) using BSA as standard. A unit of enzyme activity was 
defined as change in absorbance-min'^mg*1 protein. 
Data were subjected to analysis of variance, and pooled data were used for analyzing 
correlations, using the SAS Statistical Software ( SAS Institute, Cary, NC ). 
Results 
Ehenolics in living cells of fruit of different maturities and their changes during storage 
Phenolics in living cells of mature and overmature fruit decreased about 45% and 
75%, respectively, compared with those in immature fruit ( Fig. 6.1 ). During cold 
storage, phenolics in living cells of late-harvested fruit remained relatively constant, 
while phenolics in living cells of immature and mature fruit decreased significantly. 
Phenolic contents in living cells of ethephon or AVG-treated and control fruit and their 
changes during storage 
Phenolics in living cells of AVG-treated fruit were higher and in ethephon-treated 
fruit were lower than that in living cells of control fruit (Fig 6.2 ). Towards the end of 
storage, phenolics in living cells decreased in control fruit, but not in ethephon-treated 
fruit. Changes of phenolics in AVG-treated fruit depended on the storage condition. 
There was no change when stored in low-ethylene room, but phenolics decreased 
significantly when stored in a commercial room. 
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PPO activity in living cells of fruit with different maturity and their changes during 
storage 
At harvest, PPO activity was higher in immature fruit than that in mature ones, which 
in turn, was higher than that in late harvested fruit ( Fig. 6.3 ). PPO activity increased in 
early storage and decreased in late storage in immature and mature fruit. However, there 
was no significant change in PPO activity in late-harvested fruit. 
PPO activity in living cells of AVG or ethephon-treated and control fruit and their 
changes during storage 
PPO activity in ethephon-treated fruit was lower than in control fruit, while in AVG- 
treated fruit it was higher than that in the controls ( Fig. 6.4 ). During cold storage, PPO 
activity increased and then decreased in control and in ethephon-treated fruit. In AVG- 
treated fruit, it increased in early storage and then decrease in late storage when stored in 
a commercial room. However, it remained constant when these fruit were stored in a 
low-ethylene room. 
Lipid-soluble antioxidant activity in living cells of fruit of different maturities and its 
changes during storage 
Lipid-soluble antioxidant activity increased during fruit maturation ( Fig. 6.5 ). There 
was no significant change in activity in late-harvested fruit after 15 and 22 weeks of cold 
storage. However, in the immature and mature fruit, lipid-soluble activity decreased 
toward the end of storage. 
Lipid-soluble antioxidant activity in living cells of AVG- or ethephon-treated and control 
fruit, and their changes during storage 
Compared with the control, ethephon treatment increased, and AVG treatment 
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reduced lipid-soluble antioxidant activity in living cells (Fig. 6.6 ). Lipid-soluble 
antioxidant activity in ethephon-treated fruit remained unchanged during 6 months of 
storage. In AVG-treated fruit, it remained unchanged when stored in a low-ethylene 
room, but decreased in late storage when these fruit were stored in a commercial room. 
Discussion 
Phenolic concentration in living cells decreased during fruit maturation. Compared 
with controls, AVG treatment slowed and ethephon treatment accelerated this decrease 
of phenolics. During cold storage, phenolics greatly decreased in immature and mature 
fruit, but not in late-harvested fruit. This is similar to results of others ( Ju et al., 1996 ). 
Since apple fruit are actively involved in anthocyanin and lignin synthesis during fruit 
maturation, the early decrease could be due to the transformation of simple phenolics to 
anthocyanin, lignin or other macromolecular phenolics. The decrease of phenolics 
toward the end of storage might involve phenolic oxidation and polymerization ( Piretti 
et al., 1994 ). Phenolics did not change in AVG-treated fruit when stored in a low- 
ethylene room but decreased when stored in a commercial room where ambient ethylene 
was high. 
PPO activity also decreased during fruit maturation. Ethephon treatment decreased 
and AVG treatment increased PPO activity at harvest. When stored in a commercial 
room, PPO activity increased in early storage, which was similar to results in other 
reports ( Harel et al., 1964; Barrett et al., 1991 ), but was much lower toward the end of 
storage. PPO activity in AVG-treated fruit also showed an increase and decrease during 
storage when stored in a commercial room, but did not change when stored in a low- 
ethylene room. Since PPO is a membrane-bound enzyme, the increase of PPO activity in 
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commercial storage room probably was due to the release of bound PPO from cell 
membranes, and the decrease in PPO activity toward the end of storage probably was the 
result of reactions between phenolics and proteins ( Nicolas, et al., 1994 ). 
Compared with the data from chapter III, we found decrease of phenolics in living 
cells of fruit peel during storage was paralleled with scald development of apples. AVG- 
treated fruit did not develop scald when stored in a low-ethylene room, so their phenolics 
in living cells were not used in browning reactions. If stored in a commercial room, 
however, they developed similar scald incidence and a higher scald score than the 
controls. As a consequence, the reduction in phenolics was more rapid in AVG-treated 
fruit than in the controls. On the other hand, late harvested fruit or ethephon-treated fruit 
contained significantly less phenolics in their living cells, their phenolics remained 
relatively constant and they developed far less scald than the controls. The positive 
correlation ( r=0.6000 ) between phenolics in living cells and scald susceptibility was 
significant at p=0.05 level, which were similar to results in other reports ( Duvenage and 
De Swardt, 1973; Pirettiet. al., 1994; Ju et al., 1996 ). 
Cell membranes are lipophilic in nature and surrounded by aqueous environment in 
living cells, which is similar to a oil-in-water system. In this system, it is expected that 
lipid-soluble antioxidants will be more easily accumulated in or on the membrane, while 
hydrophilic antioxidants will be distributed evenly in the aqueous phase and they are 
difficult to access the membranes due to their great difference in polarity. Therefore, the 
lipid-soluble antioxidants will be more effective than hydrophilic antioxidants in 
protecting membrane from oxidation in this system ( Frankel et al., 1994; Chapter IV and 
V ). Our results showed that lipid-soluble antioxidant activity increased during fruit 
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maturation, which was similar to the results of Barden and Bramlage ( 1994 ). Lipid- 
soluble antioxidant activity was higher in ethephon-treated fruit compared with the 
controls. AVG treatment had no significant effect on lipid-soluble antioxidant activity. 
Lipid-soluble antioxidant activity decreased greatly toward end of storage in fruit that 
developed more scald ( control and AVG-treated fruit when stored in a commercial 
room. Chapter III), but not in fruit that developed less or no scald ( ethephon-treated 
fruit or AVG-treated fruit when stored in a low-ethylene room. Chapter III). We found 
a negative correlation ( r = 0.7156 ) between lipid-soluble antioxidant activity and scald 
susceptibility of‘Delicious’ apples, which supported the results of Barden and Bramlage 
( 1994 ). 
The decreased phenolic contents and increased lipid-soluble antioxidant activity in 
living cells during fruit maturation could have great impact on scald susceptibility of 
apples. Browning of plant tissue is developed by enzyme-catalyzed phenolic oxidation 
and polymerization. In intact cells, phenolics are separated from enzymes like polyphenol 
oxidase ( PPO ) or peroxidase by compartmentalization ( Richardson and Hyslop, 1985; 
Ju and Zhu, 1988 ), and so they avoid oxidation as long as the tonoplast membrane 
maintains its integrity. Generally speaking, tissue browning is the result, not the cause, of 
membrane deterioration. But theoretically, fruit would not develop scald symptoms if 
phenolics were not present in living cells even if the membrane deteriorated. Therefore, 
both conditions ( presence of phenolics and membrane deterioration ) must be fulfilled 
for scald to develop, which explains why preharvest conditions in fruit are so important 
in affecting fruit susceptibility in storage. 
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Our results showed different potential roles of phenolics in affecting scald 
development. If phenolics in cuticle function as antioxidants ( Chapter IV and V ), then 
phenolics in living cells might act as pro-oxidants, due to its positive correlation with 
scald susceptibility of apples. The different roles played by phenolics in vitro had been 
reported by others ( Aruoma, et al., 1992, 1993; Yen, et al., 1997 ). It was suggested 
that the pro-oxidant activity of phenolics was due to their ability to reduce metals, such 
as Fe+3, to reduced forms that could react with 02 or H202 to form initiators of oxidation 
( Yen, et al., 1997 ). In apples, the different roles of phenolics probably are determined 
by the environment the phenolics encounters. If present in fruit cuticles, phenolics are 
relatively stable due to the low activities of polyphenol oxidase or other peroxidases or 
due to the relatively low partial pressure of oxygen. Under this condition, they should 
function as antioxidants and inhibit a-famesene oxidation and reduce fruit susceptibility 
to scald. If present in living cells, however, both enzyme activity and oxygen partial 
pressure are high. Once membranes are damaged by oxidation, phenolics should act as 
pro-oxidants and increase scald susceptibility of apples. 
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CHAPTER VII 
FRUIT MATURITY, CUTICULAR AND CELLULAR PHENOLICS IN FRUIT 
PEEL AND THEIR RELATIONSHIPS WITH SCALD RESISTANCE OF 
'GOLDEN DELICIOUS’, 'CORTLAND', AND 'EMPIRE' APPLES 
Abstract 
Fruit maturity, a-famesene and conjugated triene ( CT ) accumulations, and 
cuticular and cellular free phenolics in fruit peel were analyzed in three apple cultivars 
with different scald susceptibilities. Delayed harvest increased fruit maturity and 
accelerated CT formation but did not accelerate a-famesene accumulation in 'Golden 
Delicious', 'Cortland', and 'Empire' apples. Scald on fruit from the first harvest was 
significantly higher than that on fruit from the second harvest of 'Golden Delicious' 
and 'Cortland' apples. There were no differences in scald on fruit of 'Empire' apples 
from the two harvest dates. Among the three cultivars, 45% of the 'Cortland' 
developed scald, while only 12% of the 'Golden Delicious' and 6% of the 'Empire' 
developed scald. Cuticular phenolic concentrations were in the order: 'Golden 
Delicious' > 'Empire' > 'Cortland'. Cuticular phenolics were not affected by 
harvest dates. They increased during early storage in 'Empire' and 'Cortland' but not 
'Golden Delicious' apples. 'Golden Delicious' and 'Empire' contained similar cellular 
phenolics, which were less than those in 'Cortland'. Cellular phenolics decreased 
during fruit ripening and in storage in 'Cortland' fruit and in 'Empire' fruit from the 
first harvest. They remained constant during storage in 'Golden Delicious' and 
'Empire' fruit from the second harvest. Scald susceptibility of the three cultivars was 
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associated with both cuticular and cellular phenolics in fruit peel. 
Key words: 
Fruit maturity, phenolics, superficial scald, apple. 
Introduction 
Phenolics were detected in fruit cuticle of 'Delicious', 'Golden Delicious’, 
'Cortland', and 'Empire' apples ( Chapter IV ). These phenolics displayed high 
antioxidant activity both in a linoleic acid emulsion system ( oil-in-water) and in an 
a-famesene-hexane solution (bulk oil) ( Chapters IV and V). Concentrations of 
phenolics in 'Delicious' fruit cuticle increased as fruit matured, this increase being 
accelerated by ethephon and reduced by AVG preharvest treatment ( Chapter V ). A 
possible role of phenolics in inhibiting a-famesene oxidation in fruit cuticle was 
proposed ( Chapters IV and V ). On the other hand, concentrations of cellular 
phenolics in fruit peel decreased as fruit matured. This decrease was accelerated by 
ethephon and reduced by AVG preharvest treatment ( Chapter VI). Cellular phenolics 
were positively correlated with scald development in 'Delicious' apples ( Ju et al., 
1996; Chapter VI). This experiment was designed to analyze effects of fruit maturity 
on cuticular and cellular phenolics in fruit peel and to study their relationships with 
scald development in 'Golden Delicious', 'Cortland', and 'Empire' apples. 
Material and Methods 
Experiments were designed and conducted in 1994 at the University of 
Massachusetts Horticultural Research Center, in Belchertown. Four one- or two-tree 
plots ( replicates ) in a block of mature 'Golden Delicious', 'Cortland', or 'Empire' 
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trees were selected for use. 'Cortland' and 'Empire' fruit were harvested on 28 
September and 14 October, respectively. 'Golden Delicious' fruit were harvested on 
14 and 26 October, respectively. Two hundred and thirty fruit were harvested from 
each tree or plot in each cultivar. Ten of the fruit were used for starch score and 
ground color evaluation, ten for ethylene measurement and then for a-famesene and 
conjugated triene ( CT ) extraction, and another ten for phenolic analysis. The rest of 
the fruit were put in a storage room at 0°C. Ethylene, a-famesene, CT, and phenolics 
were measured after 15 and 25 weeks of storage. Scald was evaluated at the end of 
storage plus 7 days at 20°C. 
Starch score was measured by dipping one half of each fruit, cut at the equator, in 
an iodine solution for approximately 30 s. The degree of staining was rated on a scale 
of 1 to 5 where 1 = staining of the entire cut surface and 5 = absence of starch 
(Priest and Lougheed, 1988 ). Ground color of fruit was evaluated visually using the 
color chart prepared by South wick and Hurd ( 1948 ). The ground color was rated on 
a scale of 1 to 5, where 5 = dark green and 1 = yellow. 
Cuticular phenolics were analyzed by using enzyme-isolated fruit cuticle ( Chapter 
IV ). Cellular phenolics were calculated by subtracting cuticular phenolics from total 
phenolics in fruit peel ( Chapter VI). a-Famesene and CT were measured and scald 
was evaluated according to Du and Bramlage ( 1994 ). 
Data were subjected to analysis of variance, and pooled data were used to analyze 
correlations, using the SAS Statistical Software ( SAS Institute, Cary, NC ). 
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Results 
Effects of harvest dates on fruit maturity and scald development 
According to internal ethylene, starch score and ground color, fruit from both 
harvests were in or after climacteric rise in the three cultivars ( Table 7.1). Delay of 
harvest significantly increased fruit maturity in 'Cortland' and 'Empire' but not in 
'Golden Delicious'. At harvest, 'Cortland' contained much more ethylene than 
'Golden Delicious' and 'Empire'. Percentage of fruit that developed scald from the 
second harvest was much lower than that for fruit from the first harvest in 'Cortland' 
and 'Golden Delicious', but not in 'Empire' apples. Percent scald on 'Golden 
Delicious' and 'Empire' apples was similar and was much less than that on 'Cortland' 
apples. 
Effects of harvest dates and storage on a-famesene accumulation and CT formation 
Overall, there were no differences in a-famesene accumulation between 'Golden 
Delicious' and 'Empire', but 'Cortland accumulated much less a-famesene than the 
other two cultivars ( Table 7.2 ). a-Famesene accumulation increased in all three 
cultivars during the first 15 weeks of storage, then it decreased in 'Cortland' but 
remained unchanged in 'Golden Delicious' and 'Empire'. Overall, there was no 
difference in famesene accumulation between the two harvest dates. Interactions 
between harvest dates and storage, and between cultivar and storage, were highly 
significant. By analyzing these interactions, fruit from the second harvest accumulated 
more a-famesene than those from the first harvest, both at harvest and during storage. 
'Golden Delicious' contained more a-famesene than 'Cortland' and 'Empire' at 
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harvest, but at the end of storage, they contained about the same amount of a- 
famesene as 'Empire' but much more a-famesene than 'Cortland. 
There was no difference in CT258 formation among the three cultivars. However, 
fruit from the second harvest accumulated more CT258 than fruit from the first 
harvest. CT258 accumulated during storage in a linear relationship in the three 
cultivars. Interaction between cultivar and storage was significant. 'Empire' 
accumulated more CT258 than 'Golden Delicious' and 'Cortland' during storage. 
CT281 accumulation was significantly different between the two harvests, but not 
among the cultivars. CT281 accumulation during storage was linear. Interaction 
between cultivar and storage was significant, with 'Empire' accumulating more 
CT281 than 'Golden Delicious' and 'Cortland' during storage. ‘Golden Delicious' 
and 'Cortland' contained similar concentrations of CT281 at the end of storage. 
Effects of harvest dates and storage on .free phenolics in fruit .cuticle 
At harvest, cuticular phenolics in 'Golden Delicious’ were higher than that in 
'Empire', which in turn, contained a higher concentration than 'Cortland' ( Fig. 7.1 
). Within each cultivar, harvest dates did not affect cuticular phenolics significantly. 
Free phenolics in fruit cuticle increased significantly in early storage in 'Empire' and 
'Cortland', and remained constant in late storage. Cuticular phenolics in 'Golden 
Delicious' were not affected by harvest dates or by prolonged storage. 
Effects of harvest dates and storage on cellular phenolics in fruit peel 
At harvest, 'Cortland' contained more cellular phenolics than 'Golden Delicious’ 
and 'Empire' ( Fig. 7.2 ). Compared with fruit from the first harvest, cellular 
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phenolics in fruit from the second harvest decreased significantly in 'Cortland' and 
'Empire' fruit but not in 'Golden Delicious' fruit. The decrease in cellular phenolics 
continued in storage in 'Cortland' fruit from both harvests. In 'Empire', cellular 
phenolics in fruit from the first harvest decreased in early storage but remained 
constant thereafter, while cellular phenolics in fruit from the second harvest did not 
change much during storage. Cellular phenolics in 'Golden Delicious' fruit from both 
harvests remained constant during storage. 
Discussion 
Our data for ‘Cortland’ and ‘Golden Delicious’ were similar to the results of 
others that fruit from delayed harvest were more mature and developed less scald 
(Anet, 1972; Ingle and D'Souza, 1989; Blanpied et al., 1991; Barden and Bramlage, 
1994a, b; Du and Bramlage, 1994 ). However, 'Empire' was an exception in that 
fruit from both harvest dates developed a similar percentage of scald although their 
maturity was significantly different. Compared with 'Cortland', 'Golden Delicious' 
and 'Empire' developed much less scald after 25 weeks of storage, which indicated 
that 'Golden Delicious' and 'Empire' are relatively scald resistant cultivars. 
Surprisingly, the scald resistant cultivars, 'Golden Delicious' and 'Empire', 
accumulated more a-famesene than the scald susceptible cultivar, 'Cortland', during 
storage. However, the formation of CT258 and CT281 was similar among the three 
cultivars, which might attribute to the higher cuticular phenolic contents in ‘Empire’ 
and ‘Golden Delicious’, comparing with ‘Cortland’ apples ( Chapter IV ). Interaction 
analysis showed that 'Golden Delicious' and 'Empire' accumulated more CT258 and 
119 
less CT281 than 'Cortland' at the end of storage. This result supports the hypothesis 
that CT258 might be protective and CT281 detrimental to cells in apple fruit ( Du and 
Bramlage, 1993). 
Different from our results on 'Delicious' fruit ( Chapter V ), harvest dates did not 
affect cuticular phenolics significantly in the three cultivars, and cuticular phenolics in 
fruit from this experiment were higher than those from the previous results ( Chapter 
IV ). This probably was due to the difference of cultivar or due to the fact that fruit 
from the three cultivars were more mature than the fruit previously used ( Chapter IV 
). Nevertheless, cuticular phenolics increased during storage, which was similar with 
the results for 'Delicious' ( Chapter V ). At the same time, cellular phenolics 
decreased during fruit ripening, which was in accordance with other results ( Ju et al., 
1996; Chapter VI). If as proposed, cuticular phenolics act as antioxidants in fruit 
cuticle and cellular phenolics act as pro-oxidants in living cells ( Chapter IV, V and 
VI), the increase in cuticular phenolics and decrease in cellular phenolics might have 
great impact on scald development of apples. This was supported by our finding that 
'Cortland' fruit contained much less cuticular phenolics and as much cellular 
phenolics as 'Golden Delicious' and 'Empire', and they developed much higher 
percentage of scald. On the other hand, 'Golden Delicious' contained higher cuticular 
phenolics but also higher cellular phenolics than 'Empire' fruit, and they developed 
similar percentages of scald. 
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Table 7.2. Effects of harvest date and storage time in 0°C air on a-famesene 
accumulation and CT formation in 'Golden Delicious', 'Cortland', and 'Empire' apples in 
1994. 
Harvest date Storage a-famesene 
(weeks) (nmol-cm*2) 
CT258 
(nmol-cm*2) 
CT281 
(nmol-cm-2) 
10/14 0 
Golden Delicious 
74 5.9 1.7 
15 171 8.7 4.6 
25 267 10.3 4.4 
10/26 0 106 8.3 3.8 
15 256 13.8 8.2 
25 262 13.4 9.4 
9/28 0 
Cortland 
18 4.7 1.3 
15 121 8.3 7.1 
25 85 10.7 10.3 
10/14 0 53 6.4 3.3 
15 112 6.2 8.0 
25 51 11.6 7.4 
9/28 0 
Empire 
17 4.3 2.0 
15 288 11.6 8.1 
25 303 14.1 9.6 
10/14 0 52 9.1 4.4 
15 279 21.8 17.3 
25 287 19.9 17.2 
Cultivar (C ) ** ns ns 
Harvest (H) ns * * 
Regression2: 
Storage ( S ) **** **** 
Linear * * * 
Quadratic ns ns ns 
HxC ns ns ns 
HxS **** ns ns 
CxS **** **** *** 
H x C x S * ns 4c 
Z. ****, ***, * and ns represent significance at p=0.0001, 0.001, 0.05 and not 
significant, respectively. 
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CHAPTER YE! 
EFFECTS OF FRUIT BAGGING AND COATING ON a-FARNESENE 
ACCUMULATION AND OXIDATION AND SCALD DEVELOPMENT OF 
DELICIOUS' APPLES 
Abstract 
Effects of fruit bagging during growth and fruit coating at harvest were studied with 
Delicious' apples. Fruit bagging from July 12 until harvest did not affect internal ethylene 
concentration or a-famesene accumulation either at harvest or after 5 months of storage, 
but significantly reduced fruit cuticle thickness and cuticular phenolics at harvest and 
increased CT281 accumulation during storage. Concentrations of cellular phenolics in 
fruit peel were similar in control and bagged fruit at harvest. After 5 months of storage, 
77% of bagged fruit developed scald compared with 41% of the controls. Fruit coating 
at harvest increased cuticle thickness, but did not affect internal ethylene concentration, 
a-famesene accumulation and cuticular phenolic concentration during storage. However, 
total fruit coating at harvest increased CT281 formation and scald development, 
although scald in half-coated fruit was similar to that in the controls. 
Key words: 
Fruit bagging, fruit coating, a-famesene, scald, apple. 
Introduction 
a-Famesene plays an important role affecting scald development in apples ( Huelin 
and Murray, 1966; Huelin and Coggiola, 1968, 1970a; Anet and Coggiola, 1974 ). It has 
been found in newly formed apple fruit, its concentration falling during the fruit 
enlargement period ( Sutherland et al., 1977 ). It was absent from preclimacteric fruit but 
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increased rapidly during fruit ripening or during storage ( Huelin and Murray, 1966; 
Meigh and Filmer, 1969; Huelin and Coggiola, 1970a, b; Anet, 1972 ). a-Famesene 
accumulated mostly within fruit cuticle ( Huelin and Murray, 1966 ). Fruit cuticle not 
only provides a medium to capture the metabolites from the fruit, especially the 
secretory, lipophilic, and volatile metabolites like a-famesene, but it also contains 
antioxidants like phenolics with high antioxidant activity ( Chapters IV, V, VI, and VII) 
or other lipid-soluble antioxidants ( Anet and Coggiola 1974; Meir and Bramlage, 1988; 
Gallerani et al. 1990 ). Thus, the constituents and the thickness of fruit cuticle should not 
only affect a-famesene accumulation, they also should affect a-famesene oxidation and 
propagation of its oxidation products. 
Fruit bagging late in the growing season increased scald susceptibility of apples 
without increasing their internal ethylene and a-famesene accumulation ( Barden and 
Bramlage, 1994a, b ). On the other hand, scald was reduced in apples and pears when 
the thickness of cuticle was increased by fruit coating. Synthesized materials ( Smith and 
Stow, 1984; Meheriuk and Lau, 1988; Miszczak, 1994; Bauchot et al., 1995; Chellew 
and Little, 1995;), natural waxes ( Smock, 1935; Hitz and Haut, 1938; Claypool, 1939; 
Trout et al., 1953; Porritt and Meheriuk, 1970 ) and vegetable oil (Hall et al., 1953; 
Staden, 1969; Scott et al., 1995 ) were effective coatings in reducing scald. A synergistic 
effect was found when the coating material was applied with antioxidants, like 
diphenylamine or ascorbic acid (Bester, 1987; Little and Barrand, 1989 ). In 
experiments reported here, we studied the relationships among cuticle thickness, 
cuticular antioxidant activity, a-famesene accumulation and oxidation, and scald 
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susceptibility of apples by manipulating the thickness of fruit cuticle ( reduced by fruit 
bagging before harvest and increased by fruit coating at harvest). 
Materials and Methods 
Five two-tree plots of T>elicious' apples were used in this experiment. About 60 fruit 
per tree were covered with double layered paper bags (Kobayashi Bag Mfg. Co. Ltd., 
Japan ) on July 12, 1996. Unbagged fruit on the same tree served as controls. Sixty 
bagged and 60 unbagged fruit from each tree were harvested on Sept 28. One third of 
the bagged and unbagged fruit were half coated and one third were totally coated with 
commercial wax emulsion ( Apl-Luster* 221, ELF Atochem North America, Inc., 
U.S.A.) by hand. The coating in the half-coated fruit covered the half of portion exposed 
to direct sun during growth and half of the shaded fruit surface, with the fruit being 
dipped to their equator without waxing the calyx and the stem end. Fruit were left on a 
plate to allow the extra emulsion to drip off. Then the coated fruit were dried at room 
temperature and stored in a commercial air storage room at 0°C for 5 months. Scald was 
evaluated at the end of storage plus 7 days at 20° C. In the half-coated fruit, scald on the 
coated and uncoated surface was evaluated separately. Ethylene, a-famesene, 
conjugated trienes ( CT281 ), cuticular wax, cuticular phenolics and cellular phenolics at 
harvest and after storage were measured by using methods as previously described 
(Chapters III, IV, and V ). Each of the five replications consisted of a pair of trees and 
twelve fruit per sample were used in this experiment. 
Data were subjected to analysis of variance, using SAS Statistical Software. ( SAS 
Institute Inc., Cary, NC ). 
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Results 
Effects of fruit bagging and coating on_ethvlene synthesis, a-famesene accumulation and 
oxidation, and scald development 
Fruit bagging did not affect internal ethylene and a-famesene accumulation in fruit 
peel either at harvest or after 5 months of storage ( Table 8.1). However, bagged fruit 
contained higher CT281 and developed a higher percentage of scald than the unbagged 
fruit after 5 months of storage. There were no significant effects of fruit coating on a- 
famesene accumulation or scald development in unbagged fruit, but the totally wax- 
coated fruit contained higher CT281 than the non or half-coated fruit at the end of 
storage. In bagged fruit, half fruit coating did not affect internal ethylene or a-famesene 
accumulation, CT281 formation, or scald development. However, overall, totally-coated 
bagged fruit accumulated more CT281 and developed more scald than the bagged but 
non-coated fruit, although their ethylene and a-famesene levels were similar. 
Effects of fruit bagging and coating on fruit cuticle thickness 
Cuticle thickness of fruit was expressed as total weight of wax in unit area. Fig. 8.1 
showed that fruit bagging reduced cuticle thickness and fruit coating increased cuticle 
thickness significantly compared with control. After 5 months of storage, wax increased 
in unbagged fruit, but not in bagged fruit. Coating did not promote wax accumulation in 
either bagged or unbagged fruit. 
Effects of fruit bagging and coating on cuticular phenolics at harvest and after storage 
Fruit bagging greatly reduced phenolics in fruit cuticle ( Fig. 8.2 ). Phenolics in 
unbagged fruit increased during storage, and this increase did not affected by fruit 
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coating. There were no differences in contents of cuticular phenolics among the bagged, 
bagged and half-coated, and bagged and total-coated fruit at the end of storage. 
Effects of fruit bagging and coating on cellular phenolics at harvest and after storage 
Cellular phenolics in control and bagged fruit were similar at harvest. They decreased 
significantly after storage ( Fig. 8.3 ). This decrease was affected by both fruit bagging 
and fruit coating. At the end of storage, bagged fruit contained less free cellular 
phenolics than the unbagged fruit. The totally-coated fruit contained less cellular 
phenolics than the half-coated or the non-coated fruit. 
Discussion 
Our results on fruit bagging were similar to other reports ( Barden and Bramlage, 
1994a, b ) that fruit bagging did not affect ethylene or a-famesene accumulation or a- 
famesene oxidation at harvest, but fruit from the bagging treatment accumulated more 
CT281 and developed more scald than fruit without bag treatment after 5 months of 
storage. One of the reasons might be the low level of cuticular phenolics in bagged fruit. 
Compared with the unbagged fruit, bagged fruit contained only half the concentration of 
cuticular phenolics, but just as much cellular phenolics as in unbagged fruit. Thus, more 
oxidation was likely to occur, and more scald was likely to develop in bagged fruit than 
that in unbagged fruit. 
However, fruit coating with a commercial wax emulsion did not reduce scald in 
either bagged or unbagged fruit. It even increased scald development when fruit were 
totally coated with wax. This is contrary to many results reported before ( Smock, 1935; 
Hitz and Haut, 1938; Claypool, 1939; Trout et al., 1953; Porritt and Meheriuk, 1970 ). 
Compared with other experiments, the coating we used probably was too thick for the 
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fruit to have proper respiration. Banks ( 1984 ) and Meheriuk and Lau ( 1988 ) 
suggested that coating could reduce diffusion of gases including oxygen and carbon 
dioxide into and out of the fruit. Roy et al. ( 1994 ) reported that heat treatment changed 
cuticular structure of'Golden Delicious' fruit and significantly reduced the permeability 
of cuticle. Calcium diffusion from dipping solution to fruit peel was inhibited greatly by 
heat treatment. The coating we applied to fruit probably was too thick or totally plugged 
the lenticels on fruit peel, which caused too much anaerobic respiration and accelerated 
cell injury. Since we did not know exactly the constituents of the wax emulsion, it is 
difficult to discuss the chemical effects of wax coating on scald development of apples. 
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Table 8.1. Effects of fruit bagging2 and coatingY on ethylene, a-famesene and scald 
development of'Delicious' apples in 1996 
Treatment Ethylene 
( mm > 
a-Famesene 
( nmol-cm'2) 
CT281 
( nmol-cm'2 
Scald 
) (%) 
Non-bag 1.1 
At harvest 
1.1 0 
Bag 1.1 0.8 0 
Non-coating 1.1 0.9 0 
Half-coating 1.2 0.9 0 
Total-coating 1.1 1.0 0 
Significance 
Bagging (B) ns ns ns 
Coating © ns ns ns 
BXC ns ns ns 
Non-bag 63 
After 5 months of storage 
71 5.8 41 
Bag 63 69 7.9 77 
Non-bag: 
Non-coat 61ax 69a 5.3b 36a 
Half-coat 72a 59a 4.6b 40a 
Total-coat 59a 83a 7.3a 46a 
Bag: 
Non-coat 57a 69a 7.8a 65b 
Half-coat 57a 77a 7.2a 73b 
Total-coat 79a 63a 8.7a 92a 
Significancew 
Bag ( B) ns ns *** *★** 
Coat ( C ) ns ns *** *** 
B*C * ns ns ns 
Z: Fruit were enclosed in bags from 12 July to harvest on 28 September. 
Y: Either one half of fruit or entire fruit was coated with a commercial wax before 
storage. 
X: Different letters represent significant differences by Duncan's New Multiple Range 
Test ( p=0.05 ). 
W:. ****, ***, **, *, and ns represent significance at p=0.0001, 0.001, 0.01, 0.05 and 
not significant, respectively. 
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CHAPTER IX 
GENERAL DISCUSSION 
Antioxidants play very important role in affecting fruit susceptibility to scald in 
apples. Scald development is associated with a-famesene accumulation and oxidation, 
free radical formation in fruit cuticle ( Murray et al., 1964; Anet, 1969; Mire and 
Bramlage, 1988; Du and Bramlage, 1993), lipid oxidation in membrane (Bramlage 
and Mire, 1990) and phenolic oxidation (Duvenage and De Swardt, 1973; Piretti et 
al., 1994; Ju et al., 1996) in epidermal and hypodermal cells. Antioxidants like 
diphenylamine and ethoxyquinine were very effective in reducing scald development 
by fruit dipping at harvest (Anet and Coggiola, 1974). Since a-famesene is 
chemically active (Anet, 1772) and a-famesene oxidation in fruit peel and scald 
development are slow processes (Huelin and Marray, 1966; Huelin and Coggiola, 
1968), it was suggested that metabolites in fruit cuticle might act as antioxidants to 
protect a-famesene from oxidation and thus slow scald development in apples (Anet 
and Coggiola, 1974). 
Antioxidants vary according to their structure, but it is their polarity that affect 
their antioxidant activity most (Frankel et al, 1994). There were reports that lipid- 
soluble antioxidants in fruit peel were associated with scald resistance of apples (Anet, 
1972; Meir and Bramlage, 1988; Gallerani et al., 1990; Barden and Bramlage, 1994). 
However, if the lipid-soluble antioxidants were separated into cuticular and cellular 
portion, the antioxidants in fruit cuticle had no direct correlation with CT 
accumulation in fruit cuticle or scald resistance of apples (Chapter IV). Lipid-soluble 
antioxidant activities in fruit peel of 'Delicious' and 'Cortland' in this study were 
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similar with the results obtained by Barden and Bramlage (1994b). But the lipid- 
soluble antioxidant activity in fruit cuticle only accounted about 10-15% of the total 
lipid-soluble antioxidant activity in fruit peel of the four cultivars (Chapter IV), which 
means epidermal and hypodermal cells contain about 85-90% of the antioxidant 
activity. There were no significant differences in lipid-soluble antioxidants in fruit 
cuticle of the four cultivars at harvest although the scald susceptibilities of 'Delicious' 
and 'Cortland' were higher than that of 'Golden Delicious' and 'Empire'. In 
epidermal and hypodermal cells, the scald susceptible cultivar, 'Delicious', contained 
the lower level of lipid-soluble antioxidants than the scald resistant cultivars. But the 
lipid-soluble antioxidants in another scald susceptible cultivar, 'Cortland', were 
similar as in the scald resistant cultivar, 'Empire', although they were lower than that 
in 'Golden Delicious'. Overall, activities of lipid-soluble antioxidants in fruit cuticle 
were much lower than that in living cells, they did not affected by fruit maturity, nor 
by ethephon or AVG treatment, nor by prolonged storage (Chapter VI, VII). Further, 
lipid-soluble antioxidants failed to protect a-famesene from oxidation in hexane 
solution (bulk oil) with the same concentration that was active in a linoleic acid 
emulsion (oil-in-water) system (Chapter V). The high level of lipid-soluble 
antioxidants in epidermal and hypodermal cells comparing with those in fruit cuticle, 
and their increase during fruit maturation and ripening indicated that these 
antioxidants might be more important in preventing membrane oxidation in living 
cells than in inhibiting a-famesene oxidation in fruit cuticle. 
If lipid-soluble antioxidants did not play important role in inhibiting a-famesene 
oxidation, then what else? Are phenolics possible antioxidants in fruit cuticle? 
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Anet (1974) noticed that many phenolic compounds which would be expected to 
have antioxidant activity were known to occur in apples. But he did not think 
phenolics could play a significant role in inhibiting a-famesene oxidation since he 
believed phenolics were almost exclusively in aqueous phase. However, several 
reports later showed the presence of phenolics in plant cuticles. The materials in those 
reports included tomato fruit (Hunt and Baker, 1980; Baker et al., 1982), apple leaves 
(Richmond and Martin, 1959) and apple fruit (Batt and Martin, 1960), although the 
results were far from decisive due to the possible contamination from cellular 
contents. Our results showed that phenolics did exist in fruit cuticle, either in free 
form or bound form (Chapter IV, V, and VII). If there was any contamination with 
the cuticle isolation procedure, the wax scraped from cuticle should be free from any 
contamination, and phenolics were detected from all the four cultivars by this method. 
Then the question is how can these hydrophilic materials exist in a so called 
'lipophilic' environment ? Actually, fruit cuticle is not an uniformly lipophilic 
domain. Plant cuticle can be roughly divided into three layers. The outmost is a thin 
layer, which contains dominantly wax. The second layer contains cutin embedded 
with wax, possibly some carbohydrate polymers like cellulose. The third layer is a 
mixture of cutin, wax, carbohydrate polymers and pectin, possibly with very small 
amounts of protein. Underneath the cuticle will be the pectin layer, called middle 
lamella, and the cell wall (Kolattukudy, 1980; Holloway, 1982; Holloway, 1993). 
Although there are no definite divisions among these layers, one thing is certain, that 
at least the second and the third layer are not absolutely lipophilic because of the 
existence of pectin and carbohydrate polymers. Some hydrophilic area might be exist 
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within those layers. Secondly, cutin is not totally hydrophobic due to the free hydroxy 
groups in their structure. And phenolics has been proposed to be part of the cutin 
structure (Riley and Kolattukudy, 1975; Kolattukudy, 1980). Thirdly, relatively 
large amount of free fatty acid, free alcohol, and ursolic acid have been detected in 
fruit cuticle (Baker, 1982; Appendix). They are dipoles in structure and can be used 
as emulsifying agent, which means that cuticle shares some similarity with an water- 
in-oil emulsion system. Also, phenolics are not all hydrophilic, some might be very 
lipophilic. For example, a-tocopherol is lipophilic, and also is a typical phenolics 
according to its structure. Further, lenticels are usually covered by more or less 
suberized peridermal cells, which causes the doted or rusetting look of the fruit peel 
(Pratt, 1988). And phenolics are major components of suberin (Kolattukudy, 1980; 
Holloway, 1992). Accumulation of phenolics in fruit cuticle might be influenced by 
the presence of suberized peridermal cells. This can explain why 'Golden Delicious' 
fruit contained more phenolics in cuticle than the other cultivars, since they have 
lenticels with more suberin accumulation and develop more rusetting than the other 
cultivars. 
In linoleic acid emulsion system (oil-in-water), diphenylamine (lipophilic 
antioxidant) had the highest, a-tocopherol (lipophilic antioxidant) had the lowest 
antioxidant activity. Among the phenolics tested, the antioxidant activity was in the 
following order, flavonoids > simple phenolic acids > a-tocopherol (Chapter IV), 
which was similar with the results from other sources of phenolics (Foti et al., 1996; 
Teissedre et al., 1996). It is very interesting that a-tocopherol usually is a powerful 
antioxidant, but its activity was lower than that of the phenolics and diphenylamine in 
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this experiment. Similar phenomenon was reported by Kanner et al. (1994). This 
could be due to the presence of iron or copper salt, since a-tocopherol might act as 
pro-oxidants under this condition (Jung and Min, 1990). 
In a hexane system (bulk oil), however, antioxidant activities of phenolics were 
higher than that of diphenylamine. Four of diphenylamine (lipophilic antioxidant) 
only inhibited about 55% of the a-famesene oxidation, while 4 /zM gallic acid or 
phenolics (hydrophilic antioxidants) from fruit cuticle reached 82% and 86% of 
inhibition (Chapter V). This is similar with the results that 2,6-di-t-butyl-p-cresol 
(BHT) and t-butyl-4-methoxyphenol (BHA) or other phenolics were more effective in 
inhibiting a-famesene oxidation than diphenylamine in hexane system (Anet and 
Coggiola, 1972). Further, we found lipid-soluble antioxidants failed to protect a- 
famesene from oxidation in hexane-ethanol system with the same concentration that 
was active in a linoleic acid system (Chapter IV and V). 
By comparing the antioxidant activity of lipophilic a-tocopherol and hydrophilic 
ascorbic acid in two different systems, oil-in water and bulk oil, Frankel et al. (1994) 
found the antioxidant activity varied according to the environment. In the bulk oil, the 
hydrophilic antioxidants was more protective as being accumulated in the air-oil 
interphase while the lipophilic antioxidants apparently less effective as remaining in 
oil solution. In contrast, in the oil-in-water emulsion system, lipophilic antioxidants 
were sufficiently surface active to be oriented in the oil-water interphase to better 
protect oil against oxidation. This may explain why diphenylamine and phenolics 
display different antioxidants activity in different system. In hexane solution, it is 
expected that the hydrophilic antioxidants like phenolics will be more effectively 
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accumulated in the air-oil interphase while the lipophilic antioxidants like 
diphenylamine will distributed evenly in the oil solution. While in linoleic acid 
emulsion system, lipophilic antioxidants will be more surface active than the 
hydrophilic antioxidants like phenolics. This could be critical in determining the 
performance of antioxidants in fruit cuticle and in living cells. The co-existence of 
lipophilic wax and relatively hydrophilic cutin, carbohydrate polymer, pectin, proteins 
etc., as well as the emulsifier like free fatty acids, free alcohols or ursolic acids, 
makes the cuticle an kind of water-in-oil emulsion system. In this system, hydrophilic 
antioxidants like phenolics might be more easily oriented and concentrated on the 
water-oil interphase than the lipophilic antioxidants, so as to be more effective in 
preventing a-famesene oxidation. On the other hand, membrane in living cells is a 
typical oil-in-water system, lipid-soluble antioxidants might be more active in 
protecting membrane from oxidation damage than the hydrophilic antioxidants. 
Phenolics in fruit cuticle increased accompanying the advancement of fruit 
maturation. The increase was enhanced by ethephon while reduced by AVG 
preharvest treatment. Phenolics in fruit cuticle increased in early storage except in 
AVG-treated fruit. Overall, cuticular phenolics increased during fruit maturation or 
ripening and were negatively correlated with CT281 formation. These results 
indicated phenolics in fruit cuticle did play some important role in inhibiting a- 
famesene oxidation. 
However, diphenylamine was effective and phenolics failed to protect apples from 
scald, whether it was by fruit dipping or by injection into fruit core (Anet and 
Coggiola, 1974). This could be due to the different permeability of fruit cuticle to the 
143 
different antioxidants. Fruit cuticle, especially the out layer, is dominantly composed 
with wax, which is permeable to lipophilic antioxidant but not permeable to 
hydrophilic antioxidants. Thus, phenolics probably failed to inhibit scald not because 
they were lack of antioxidant activity, but their failure in getting into the active sites. 
Even injected to fruit core, it was very difficult for phenolics to move long distance 
through symplast or apoplast to reach the fruit peel, considering their high activity 
towards other components like protein, amino acids, sugar, etc. (Friedman, 1996). 
Phenolics were abundant in fruit peel of apples (Oleszek et al., 1989a; Burda et 
al., 1990; Ju et al., 1995). Compared with free phenolics in fruit cuticle (8-45 fig * g1 
cuticle), epidermal and hypodermal cells contained far more free phenolics (about 10 
mg/g fresh weight of fruit peel, Chapter VII, Ju et al., 1996). Phenolics in fruit peel 
was proposed to be related with scald susceptibility of apples (Duvenage and De 
Swardt, 1973; Piretti et al., 1994). Simple phenols in fruit peel at harvest were 
positively correlated with scald development (Chapter VII). Both simple phenol and 
flavonoids contributed to tissue browning, with simple phenol initiating the oxidation 
and then producing the brown color with flavonoids by polymerization (Oleszek, et 
al., 1989b; Ju et al., 1996). These results seems contradictory to the role of phenolics 
as antioxidant in fruit cuticle. However, same chemical could display different 
functions according to the environment it encountered. In epidermal or hypodermal 
cells, both phenolics and enzymes, like polyphenol oxidase or peroxidase, co-exist but 
are distributed separately (Richardson and Hyslop, 1985). Once this distribution is 
disrupted, enzyme catalyzed oxidation and tissue browning will proceed. And fruit 
containing higher simple phenols and flavonoids at harvest were more susceptible to 
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scald (Ju et al., 1996). In fruit cuticle, on the other hand, oxygen concentration 
should be lower, and enzymes like polyphenol oxidase and peroxidase levels might be 
lower, if any, than that in living cells. Under this condition, phenolics probably 
would be more likely to act as antioxidants rather than as pro-oxidants. Thus, 
phenolics might has two different effects on scald. It will increase fruit susceptibility 
when presents in cells of fruit peel by increasing the potential of tissue browning. On 
the other hand, it will increase fruit resistant to scald when present in fruit cuticle by 
inhibiting a-famesene oxidation. 
However, there were no clear correlation between phenolics in cuticle and scald 
resistance in apples. Although the resistant cultivar 'Golden Delicious' contained the 
highest and the susceptible cultivar 'Cortland' contained the lowest free or bound 
phenolics in cuticle, another susceptible cultivar 'Delicious' contained same amount of 
phenolics as the high resistant cultivar 'Empire'. This indicated that scald 
development is a complex process and could be affected by many factors. Since the 
lipid-soluble antioxidant activity in epidermal and hypodermal cells of 'Delicious' was 
much lower than that of other three cultivars, a good correlation between antioxidant 
activity and scald resistance is obtained if we use the total antioxidant activity to 
represent the sum of lipid-soluble antioxidants in fruit peel and liquid-soluble 
antioxidants in fruit cuticle. Among the four cultivars, the total antioxidant activity 
were in the order: 'Golden Delicious' > 'Empire' > 'Delicious' > 'Cortland', 
which was very similar with their behavior in scald resistance, which also indicated 
that antioxidants from both cuticle and epidermal and hypodermal cells might 
contribute to the scald resistance of apples, with the former inhibiting a-famesene 
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oxidation in cuticle and the later preventing membrane from oxidation in epidermal 
and hypodermal cells. 
In summary, superficial scald involves three oxidation processes. They are: a- 
famesene oxidation in fruit cuticle, lipid oxidation in membrane, and phenolic 
oxidation in living cells of fruit peel. In fruit cuticle, phenolics probably are more 
active in inhibiting a-famesene oxidation than lipid-soluble antioxidants. While in 
living cells, lipid-soluble antioxidants might play more important role in protecting 
membrane from oxidation when phenolics acted as pro-oxidants. Thus, scald 
susceptibility might be determined at least by four factors, a-famesene accumulation 
in fruit cuticle, phenolics content in fruit cuticle, lipid-soluble antioxidant activity in 
living cells, and phenolic content in vacuole of living cells. The first and forth factor 
are detrimental to cells while the second and third factor are protective to cells. 
The above hypothesis can be used to explain the role of ethylene in affecting scald 
development of apples. Advanced fruit maturation or ethephon treatment (which 
increased internal ethylene) did not increase a-famesene accumulation during 
prolonged storage (although increased at harvest and at early storage) (Chapter III and 
V), but significantly increase cuticular phenolics and cellular lipid-soluble 
antioxidants, and reduced cellular phenolics in fruit peel (Chapter VI). Thus, it is 
predictable that scald will be reduced. On the other hand, AVG treatment (which 
inhibited internal ethylene synthesis) inhibited a-famesene synthesis and accumulation 
in fruit cuticle, it also reduced cuticular phenolic contents and cellular lipid-soluble 
antioxidant activity. Cellular phenolics, however, increased by AVG treatment. If 
stored in low-ethylene room, scald will not develop because a-famesene level was 
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very low, if any. If stored in commercial room, however, a-famesene would be 
synthesized and accumulated in fruit cuticle due to the presence of ambient ethylene. 
Combined with the lower antioxidant level and high content of cellular phenolics, 
more severe scald would be expected to develop in these fruit. 
Although fruit bagging reduced cuticle thickness and increased scald development 
in apples (Chapter VIII), it did not mean scald was enhanced by the reduced thickness 
of cuticle, since fruit coating with wax emulsion, which increased cuticle thickness, 
did not reduce scald development, the total coated fruit even developed more scald 
than the control. On the other hand, fruit bagging significantly reduced cuticular 
phenolic contents without affecting cellular phenolics in fruit peel. Therefore, the 
increased scald susceptibility of apples might be more closely associated with cuticular 
phenolics than with the thickness of fruit cuticle. 
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CHAPTER X 
SUMMARY 
The experimental findings and conclusions in the present study are summarized as 
follows: 
1. Both free and bound phenolics exist in fruit cuticle of 'Delicious', 'Golden 
Delicious', 'Empire' and 'Cortland' apples. 
2. Contents of free cuticular phenolics in fruit peel increase towards fruit maturation 
or during fruit ripening. Ethephon accelerates and AVG reduces this increase when 
applied before harvest. 
3. Antioxidant activities of free phenolics from fruit cuticle of apples are similar with 
the activity of standard flavonoids and lower than that of diphenylamine in linoleic 
acid system (oil-in-water), but higher than that of diphenylamine in hexane solution 
(bulk oil). 
4. Lipid-soluble antioxidant activity in fruit cuticle is very low compared with that in 
living cells of fruit peel. The same concentration of lipid-soluble antioxidant from 
fruit cuticle, which is effective in linoleic acid system, is not effective in protecting a- 
famesene oxidation in hexane solution. 
5. Contents of free phenolics in fruit cuticle negatively correlates with formation of 
conjugated trienes and scald development of apples. 
6. Contents of free phenolics in epidermal and hypodermal cells of fruit peel 
positively correlates with development of scald symptom. 
7. Phenolics played different roles in affecting scald development in apples. If present 
in fruit cuticle, they will function as antioxidants and protect a-famesene from 
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oxidation. If present in living cells, however, they will act as pro-oxidants and 
accelerate scald symptom development after membrane damage. 
8. Ethylene affected scald development through different ways. It accelerates a- 
famesene accumulation and membrane deterioration, and thus increases fruit 
susceptibility to scald. On the other hand, it increases free phenolics in fruit cuticle, 
reduces free phenolics and increasing lipid-soluble antioxidant activity in living cells, 
and thus reduces scald development 
9. Fruit bagging during growth reduced cuticle thickness and cuticular phenolics, 
increased scald. Fruit coating at harvest increased cuticle thickness but did not have 
any inhibition on scald, total coating even increased scald. Therefore, cuticle 
thickness is not as important as cuticular phenolics in affecting scald development in 
apples. 
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APPENDIX 
RELATIONSHIP BETWEEN ETHYLENE PRODUCTION AND 
ACCUMULATION OF CUTICULAR CONSTITUENTS IN ’DELICIOUS' APPLES 
DURING FRUIT RIPENING AT ROOM TEMPERATURE 
Abstract 
Developmental changes in total cuticle and cuticle constituents and their 
relationships with ethylene production were studied with 'Delicious' fruit treated with 
220 mg • l’1 aminoethoxyvinylglycine (AVG) or 200 mg l'1 ethephon. Total wax 
(0.31 mg • cm*2) and total cutin (0.54 mg • cm*2, including carbohydrate polymers) 
were low in young fruit. They increased during fruit development and reached 1.41 
and 2.47 mg • cm*2 of fruit peel at harvest, respectively. During fruit ripening at 
20°C, total cutin did not change but total wax increased rapidly and reached 2.15 mg 
• cm*2 at 6 weeks, the increase paralleling the increase of internal ethylene. When the 
wax was separated by column chromatography, four portions were obtained. They 
were hydrocarbon and wax esters, free alcohols, free fatty acids and diols. More than 
half of the diols was ursolic acid. During fruit development, more hydrocarbon and 
diols accumulated in cuticle than free fatty acids and alcohols. During fruit ripening, 
free fatty acids and alcohols increased, coinciding with the climacteric rise in 
ethylene, and their accumulation rates were higher than those of hydrocarbons and 
diols. AVG preharvest treatment maintained internal ethylene at a very low level 
(<0.5 mg • l*1) during 6 weeks of storage, and no wax accumulation was detected in 
AVG-treated fruit. Internal ethylene concentration was higher in ethephon treated fruit 
than that in controls before harvest and 2 weeks after harvest, but not thereafter. 
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Ethephon preharvest treatment accelerated wax accumulation significantly compared 
with controls. a-Famesene accumulation coincided with increase in internal ethylene 
and paralleled free fatty acid and alcohol accumulation. Ethephon 
increased and AVG inhibited a-famesene accumulation. 
Key words: 
Ethylene, Aminoethoxyvinylglycine, Cuticle, Cuticular Wax, Superficial scald, 
Apples. 
Introduction 
Superficial scald, a physiological disorder of apples that develops during 
prolonged storage of apples, is associated with a-famesene accumulation and 
oxidation in fruit cuticle (Huelin and Murray, 1966; Huelin and Coggiola, 1970; Du 
& Bramlage, 1993). Plant cuticle is a heterogenous, lipophilic, polymeric membrane 
that covers the aerial parts of the terrestrial plants (Misra and Ghosh, 1991). 
Compared with leaves, fruit like apples usually have much thicker cuticle (Baker, 
1982). This cuticle not only provides a barrier between fruit and its environment, but 
also provides a medium to capture metabolites, especially the lipophilic, volatile 
metabolites like a-famesene. Therefore, the accumulation and the oxidation of a- 
famesene and the propagation of the a-famesene oxidation products in the cuticle 
likely will be affected by the thickness, the constituents and the structure of this 
cuticle. 
Ethylene controls ripening of climacteric fruit. a-Famesene accumulation 
corresponds with the rate of ethylene production in apple fruit and is accelerated by 2- 
dichloroethylphosphonic acid (ethephon) preharvest treatment (Meigh and Filmer, 
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1969; Watkins et al. 1993; Barden and Bramlage, 1994; Du and Bramlage, 1994). 
Scald can be reduced when ethylene in the storage atmosphere is maintained at very 
low concentration ( Knee and Hatfield, 1981; Little and Peggie, 1987; Lau, 1990; 
Chapter III). However, delay of harvest or ethephon application before harvest, which 
increased internal ethylene concentrations, also reduced the percentage of scald in 
treated fruit (Couey and Williams, 1973; Greene et al., 1977; Blanpied, et al., 1991; 
Barden and Bramlage, 1994; Curry, 1994; Chapter III). This usually was attributed to 
the acceleration of fruit maturation by ethylene, since immature fruit often developed 
scald more rapidly than mature fruit, and the green colored area of the fruit peel is 
usually more susceptible to scald than the red colored area (Ingle and D'Souza, 1989; 
Blanpied, et al., 1991; Barden and Bramlage, 1994). 
Since ethylene is responsible for many changes during fruit ripening, and ripened 
fruit usually show greasiness of the fruit surface after storage, we proposed that other 
constituents like wax composition in fruit cuticle might be affected by ethylene as 
well. Several studies on cuticular wax in apples have been published (Markley, 1931; 
Huelin and Gallop, 1951; Baker et al., 1963; Baker, 1982), but the relationship 
between ethylene synthesis and wax accumulation and their effects on a-famesene 
accumulation in fruit cuticle are not clear. Here we report on an experiment designed 
to examine this relationship. 
Materials and Methods 
Plant Material 
Experiments were carried out in 1995 with a completely randomized design as 
previously described (Chapter V). Eighteen one- or two-tree plots of 'Delicious' trees 
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grown under commercial conditions at the University of Massachusetts Horticultural 
Research Center, in Belchertown, were randomly divided into three groups. One plot 
in each group represented each of the six replicates. The first group was treated with 
220 mg • l'1 aminoethoxyvinylglycine (AVG) on 12 September, the second group was 
treated with 200 mg l'1 ethephon on 19 September, and the third group served as 
control. To monitor developmental changes of cutin, cuticular wax and wax 
components, 24 fruit from each control plot were harvested on 14 June, 14 July, and 
14 August. On 14, 21 and 28 September, 24 fruit from each plot in the experiment 
were harvested. Twelve fruit were used to detect a-famesene after internal ethylene 
measurement, and twelve were peeled using a machine peeler and the peels were 
stored at -20° C for chemical analysis. Another one hundred fruit from each plot were 
harvested on 28 September. These were placed in kraft paper bags, about 30 per bag. 
The bags were packed in a wooden box and stored at 20°C. Internal ethylene, a- 
famesene and cuticle constituents were measured every week after harvest for 6 
weeks. Twelve fruit per sample were used in each measurement. 
& lion of fruit cuticle 
Fruit cuticle was isolated by the method described previously (Chapter IV). Fruit 
were peeled with a machine peeler and the peel was frozen immediately. At the time 
of analysis, frozen fruit peel was warmed at room temperature. The flesh on fruit peel 
was scraped off gently with a knife. The peels were cut by using a cork borer with 
radius of 0.4 cm. The fruit peels thus obtained had areas of 0.5 cm2, which were 
incubated in methanol-water-HCl (0.5:1:0.01) solution for 5 min to extract phenolics. 
After washing with distilled water, the cleaned peels were incubated in an enzyme 
156 
solution containing 2% (v/v) pectinase (365 units - ml1), 1% (w/v) cellulase (9.8 
units mg1), and 0.05% (v/v) pectin lyase (125 units ml'1) in acetate buffer at pH 4. 
After incubation for 48 h at 35°C with constant shaking, the peels were taken out and 
the remaining epidermal remnants attached to the liberated cuticular membranes were 
removed by careful brushing. The liberated cuticles were incubated again in a new 
enzyme solution (with same enzyme concentration) for another 24 h and the 
remaining epidermal remnants were removed by brushing. Samples were taken to 
examine under microscope to make sure there were no attached epidermal cells on the 
cuticular membrane. The cuticular membranes were finally washed with distilled 
water (containing 1 % HC1) and dried at room temperature. Only the intact cuticular 
discs were collected and weighed. The total cuticle was expressed as mg • cm'2 of fruit 
peel. 
Separation and measurement, of cuticle constituents 
The isolated fruit cuticles were extracted with chloroform for three times. The 
residue represented the sum of cutin and carbohydrate polymers like cellulose in fruit 
cuticle (Kolattukudy, 1980; Holloway, 1982), which we refer to as ’’cutin" in this 
paper. The cutin was dried at 40°C, weighed, and expressed as mg-cm'2 of fruit peel. 
The chloroform extracts were combined and concentrated by rotary evaporation at 
room temperature. The concentrate was dried at -20° C, and cuticular wax content was 
expressed as mg-cm'2 of fruit peel. 
Fractionation of cuticular wax constituents 
Fractionation of wax constituents was carried out by the method of Tulloch and 
Bergter (1981). The glass column (35 X 1.5 cm) was packed with silicic acid after 
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activation at 120°C for 18 h. The concentrate of chloroform extracts from the last step 
was loaded on the column and eluted with hexane containing increasing proportions of 
diethyl ether, as follows. Hydrocarbons and wax esters (portion I) were eluted with 
pure hexane and 99:1 hexane-diethyl ether; free alcohols (portion II) with 49:1 
hexane-diethyl ether; free fatty acids (portion III) with 47:3 to 9:1 hexane-diethyl 
ether; polar estolides and diols (portion IV) with 4:1 to 3:2 hexane-diethyl ether and 
with 5:4:1 hexane-diethyl ether-ethanol. The eluates were collected and dried by 
rotary evaporation at room temperature. The dried components were weighed and 
expressed as mg-cm2 of fruit peel. Terpenoids were detected by reaction with acetic 
anhydride and sulphuric acid (Liebermann-Burchard test, Harbome, 1984), and 
carboxylic acids by the lead acetate-sodium rhodizonate test (Silva et al., 1964a). 
Other measurements 
Internal ethylene was measured by gas chromatography (GC-8A, Shimadzu, 
Japan) with 0.5 m activated aluminum column and a flame-ionization detector, a- 
Famesene was extracted and measured as described by Du and Bramlage (1993). 
Ursolic acid measurement was carried out by Libermann-Burchard reaction 
(Harbome, 1984). Ten ml of solution from portion IV of the column chromatography 
were reacted with 3 ml of Libermann-Burchard reagent, which was made from 1 ml 
of concentrated sulfuric acid, 20 ml acetic anhydride and 50 ml chloroform. The 
reaction produced a pink color. The absorption was measured by a spectrophotometer 
(PMQ II, Carl Zeiss Oberkochen/Wurtt, Germany) at 400 nm after 3 min. Ursolic 
acid (Sigma) was used to make a standard curve. The results were presented as mg 
ursolic acid • cm'2 of fruit peel. 
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Data were analyzed by ANOVA and GLM procedures of SAS Statistical Software 
(SAS Institute, Cary, NC). Means were separated using Duncan's New Multiple 
Range Test at 5% level, by single degree of freedom contrasts, or by linear and 
polynomial regression analysis, whichever was appropriate for the experimental 
design. 
Results 
Fractionation of cuticular wax of apple fruit 
Cuticular wax components were separated into four portions, hydrocarbons and 
wax esters (portion I), free fatty acids (portion II), free alcohols (portion III) and 
polar estolides and diols (portion IV), according to column chromatography. To 
simplify, we referred to them as hydrocarbon, fatty acids, alcohols and diols, 
respectively. By using Liebermann-Burchard reagent, the first and the fourth elution 
gave bright pink color, which showed these portions contained terpenoids. Both a- 
famesene and ursolic acids were terpenes and natural metabolites in fruit peel of 
apples (Huelin and Murray, 1966; Baker, 1982). Under UV spectrophotometer 
(Model 200, Perkin-Elmer, Hitachi, Japan), only portion I displayed typical a- 
famesene absorption with a peak at 323 nm. According to their polarity and 
compared with the results from literature (Misra et al.,1988; Misra and Ghosh, 1991), 
and also by using authentic ursolic acid in column chromatography, we concluded that 
a-famesene was eluted with hydrocarbons, and triterpenes (mostly ursolic acids) were 
eluted with diols. Thus, the Liebermann-Burchard test was used to measure ursolic 
acid concentration in the diols (portion IV). A negative Liebermann-Burchart reaction 
and a positive carboxylic acid reaction were found in the third elution. Adding 
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authentic linolenic acid to cuticular wax during column chromatography increased the 
carboxylic reaction in the third elution, which showed that this elution was the fatty 
acids fraction. 
Progressive changes of cuticle and its components in untreated fruit during 
development 
Total cuticle weight, total cutin (including carbohydrate polymers like cellulose) 
and total wax content in cuticle were low in June (Table A.l). They increased slowly 
in July, and increased rapidly thereafter. Fruit accumulated more cutin than wax 
during development. At harvest, fruit cuticle was composed of 36% wax and 64% 
cutin. Among the four fractions in cuticular wax, hydrocarbon and diols (Fractions I 
and IV) were the dominant components, but all of them increased significantly toward 
fruit maturation. Generally speaking, ursolic acid was about 55% of the fourth 
portion, diols, during fruit development. 
Progressive changes of internal ethylene, cuticular wax and its constituents in 
untreated fruit during ripening at 20°C 
At harvest, internal ethylene in control fruit was below 0.5 ppm. It increased 
rapidly during storage and reached 400 /ri■ l1 ppm at 4 weeks of storage (Fig. A.l). 
Accumulation of free fatty acids and alcohols in control fruit coincided with the 
increase in internal ethylene (Fig. A.2). They were relatively low at harvest 
(0.38 mg • cm'2 in total), increased rapidly at the climacteric rise in ethylene, and 
reached 0.87 mg • cm'2 in total at 6 weeks, which was 1.4 fold more than that at 
harvest. Accumulation of cuticular wax showed the same pattern (Fig. A.3), but was 
much slower compared with the increase in fatty acids and alcohols. 
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Cutin in control fruit remained constant (data not shown). Compared with the 
value at harvest, cuticular wax in control fruit increased 52% by the end of storage 
(Table A.2). Among the four portions, diols increased 28%, hydrocarbon increased 
about 25%, while fatty acid and alcohol increased about 135 % and 122%, 
respectively. 
Effects of ethephon and AVG treatment on fruit cuticle 
Compared with control, ethephon treatment increased internal ethylene 
concentration significantly before harvest and during the first two weeks in storage, 
but not thereafter (Fig A.l). AVG inhibited ethylene synthesis to a very low level 
(< 0.5 mg’ r1) during the whole period of storage. 
Ethephon treatment did not affect total cuticle weight or cutin concentration (data 
not shown). It did not affect cutin content during fruit ripening (data not shown), but 
significantly accelerated accumulation of cuticular wax and its constituents (Table 
A.2, Fig. A.l, Fig. A.2). Coincident with the high level of internal ethylene, total 
wax in ethephon treated fruit increased about 24% compared with control. This 
increase was mostly accounted for by the increase of free fatty acids (39%) and free 
alcohol (44%). Hydrocarbon and diols only increased about 19% and 18%, 
respectively (Table A.2). 
There were no significant changes in total cuticle weight, total cutin (data not 
shown), and total cuticular wax or wax components in AVG-treated fruit at harvest 
(Table A.2, Fig. A.2, Fig. A.3). These items remained relatively constant during 
storage and were significantly lower in AVG-treated fruit than that in control or 
ethephon-treated fruit at the end of storage . 
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Effects of ethephon and AVG treatments on a-famesene accumulation in fruit cuticle 
a-Famesene in ethephon-treated fruit was significantly higher than that in control 
fruit at harvest and during the first two weeks of storage (Fig. A.4). AVG-treated 
fruit did not accumulate a-famesene during storage. 
Discussion 
Fruit cuticle in apples has been isolated with both enzyme and non-enzyme 
methods (Baker et al., 1963a, b; Charnel, 1983). Total cuticle weights in different 
cultivars at harvest were: 'Golden Delicious', 3.3 mg cm'2 (Charnel, 1983), Cox, 
2.18 mg cm*2, Worcester, 2.22 mg cm'2, Bramley, 2.63 mg cm'2 (Baker et al., 
1963a), Dabinett 2.29 mg cm'2, and Dove, 1.82 mg cm"2 (Baker et al., 1963b). 
The cuticle we isolated from 'Delicious' weighed 3.96 mg cm'2 at harvest, which 
was higher than the values reported for the other cultivars. However, fruit cuticle may 
be affected by various factors, like cultivar, cultural condition and harvest time. 
Cuticular wax content in apple fruit increased during fruit development or storage 
(Markley and Sando, 1931, 1933; Huelin and Gallop, 1951; Baker et al., 1963a, b; 
Baker, 1982). The major components in cuticular wax contributing to this increase 
was reported to be oil (Markley and Sando, 1931, 1933) or free fatty acids 
(Davenport, 1956, 1960). Our results showed that all of the wax constituents 
increased during fruit ripening, but free fatty acids and alcohols contributed most to 
the increase, which gave the fruit a greasy feel. However, what is the cause for this 
increase in wax components was not clear. By using ethephon and AVG treatments, 
we found strong evidence that this increase of free fatty acids and alcohols was 
controlled by ethylene levels during fruit ripening. While total wax accumulation had 
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about a one-week lag phase after the rise in internal ethylene in control and ethephon- 
treated fruit, there was no lag phase in accumulation of free fatty acids and alcohols. 
In control fruit, accumulation of free fatty acids and alcohols coincided with the 
increase in internal ethylene. When internal ethylene synthesis was accelerated by 
ethephon treatment, accumulations of free fatty acids and alcohols also were enhanced 
and advanced significantly. When internal ethylene concentration was kept at very 
low level (<0.5 pi l*1) by AVG, cuticular wax remained relatively constant during 
the whole storage period. Thus, we concluded that it was the climacteric rise in 
ethylene that stimulated cuticular wax accumulation during fruit ripening. 
It is very interesting that fruit accumulated more hydrocarbon and ursolic acid 
before maturation, but accumulated more free fatty acids and alcohols during fruit 
ripening. There might be several explanations for this phenomenon. (1). Free fatty 
acids and alcohols are precursors for hydrocarbons, wax esters and cutin synthesis 
(Kolattukudy, 1980). A precursor does not usually accumulate when the synthesis of 
end products is actively proceeding. (2). Free fatty acids and alcohols are volatile 
products, so they might evaporate to air easily under field conditions. In a storage 
room, the evaporation of free fatty acid and alcohol will certainly be reduced. (3). 
Lipid metabolism direction might shift from synthesis of hydrocarbon and cutin to 
other end products after fruit maturation or during fruit ripening. For example, most 
of the volatile flavor elements are synthesized during fruit ripening. 
The accumulation of cuticular wax or free fatty acids and free alcohols during 
fruit ripening might have great impact on the susceptibility of apples to scald. It will 
increase the retention time of a-famesene in fruit cuticle because of their similar 
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lipophilic nature. Our results showed that the accumulation of both famesene and 
cuticular wax, especially free fatty acids and alcohols, had very similar patterns. On 
the other hand, it also decreases the permeability of the cuticle to oxygen, which 
might protect a-famesene from oxidation. Roy et al. (1994) reported that heat 
treatment changed cuticular structure of 'Golden Delicious' fruit and significantly 
reduced permeability of cuticle to calcium. Scald was reduced by fruit coating. Both 
synthesized materials (Bauchot et al., 1995; Chellew and Little, 1995) and natural 
wax (Smock, 1935; Porritt and Meheriuk, 1970) or vegetable oil (Hall et al., 1953; 
Staden, 1969; Scott et al., 1995) were effective in reducing scald development in 
apples or pears. Although the mechanism behind this is not clear at present, the 
increased cuticle thickness might be one of the factors that affected scald development 
in apples. 
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